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Modeling and Simulation of Explosive Dispersal
of Liquids

Power Reduction Techniques for Modern
Modulation Schemes

Modeling a Chemical Defense Strategy

Development of Chemiresponsive Sensors for
Detection of Common Homemade Explosives

Extending Algorithms for Pattern Detection
in Massive Data Sets to Commodity Cloud
Platforms

Using Fast Neutron Signatures for Improved UF
Cylinder Enrichment Measurements

6

Open Source Information Verification

Human Cargo Detection via a Microfabricated
Pulsed-Discharge Ionization Detector

Predictive Modeling of Non-Ideal Explosives

Desorption Electrospray lonization—Differential
Mobility Spectrometry (DESI-DMS) for
Homemade Explosives Detection

Genomics-Enabled Sensor Platform for Rapid
Detection of Viruses Related to Disease Outbreak

High-Energy Resonance Radiography by Double
Scatter Spectroscopy

Enhanced Micellar Catalysis

Simulation-Based Strategic Analysis of Complex
Security Scenarios

Multi-Objective Optimization Approach for
Multimodal Information Retrieval

Exploring the Development of Large-Area
Geiger-Mode Avalanche Photodiodes

Characterization of Atmospheric lonization
Techniques for the Identification of New
Chemical Signatures from Homemade Explosives
in Complex Matrices

Development of a Sustainable Anthrax
Diagnostic Test for Countering the Biological
Threat
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462

463

465

466

467
468

469

470

Advance Diagnostic and Sample Preparation
Platform for Early Threat Surveillance

Development of a Statistically Based Access
Delay Timeline Methodology

Multi-Target Camera Tracking, Handoff, and
Display

Rapid Affinity Reagent Development for
Emerging Pathogen Detection

Intrinsic Material Elements Seal

Modeling the Contents of Nuclear Weapons in
Real-Time

Compressive Sensing for Nuclear Security
Applications

NUCLEAR WEAPONS
INVESTMENT AREA

472

474

476

478

480

481
482

483

484

485

486
487

488

Mesoscale Highly Elastic Structures (MESHES)
for Surety Mechanisms

Selective Stress-Based Microcantilever Sensors
for Enhanced Surveillance

The Role of Hydrogen Isotopes in Deformation
and Fracture of Aluminum Alloys

Localized Temperature Stable Dielectrics for
Low Temperature Co-Fired Ceramic

Development of Ab Initio Techniques Critical for
Future Science-Based Explosives R&D

Metal-Insulator-Transition-Based Limiters

Thermoelectric Materials: Mechanistic Basis for
Predictive Aging Models and Materials Design

Software-Defined Telemetry using a
Programmable Fuzing Radar

Nondestructive Gas-Pressure Measurements in
Neutron Tubes and Generators

All-Optical-Fiber Architecture for Direct Optical
Ignition
MEMS Photoacoustic Spectroscopy

AF&F Fail-Safe Feature for Abnormal Thermal
Environments using Shape-Memory Alloys

New Composite Separator Pellet to Increase
Power Density and Reduce Size of Thermal
Batteries

489

490

491

493

495

497

499

500

501

502

503

504

505

506

507

508

509

510

511

Liquid-Metal Environment Sensing Devices
(ESDs)

Novel Failure Analysis Technique for Defect or
Precursor Detection

Imaging and Quantification of Hydrogen-Isotope
Trapping in Stainless Steels

Developing a Multiscale Test Approach for
Characterizing NW Polymer Composites

Exploring Formal Verification Methodology for
FPGA-Based Digital Systems

A Novel Bi-Functional Conducting-Polymer
Sensor Material

Ultrafast Laser Diagnostics to Investigate
Initiation Fundamentals in Energetic Materials

Ion-Induced Secondary Electron Emission and
Vacuum Surface Flashover for High Gradient Ion
Beam Accelerators

Determination of Reaction-Zone Length in
Vapor-Deposited Explosive Films

Gas Permeation Properties of Graphene
Membranes

Chemical Enhancement of Surface Kinetics in
Hydrogen Storage Materials

Advances in High-Dynamic-Range Resonant
Accelerometers

Impact of Crystallization on Glass-Ceramic-to-
Metal Bonding

Synthesis of Wear-Resistant Electrical-Contact
Materials by Physical Vapor Deposition

Extension of Semiconductor Laser Diodes to
New Wavelengths for Novel Applications

Deciphering the Role of Residual Stresses on the
Strength of Adhesive Joints

Inherent Secure Communication Using Lattice-
Based Waveform Design

Impact of Materials Processing on
Microstructural Evolution and Hydrogen-Isotope-
Storage Properties of Pd-Rh Alloy Powders

Developing Software Systems for High-
Assurance Applications
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512

CYBER SECURITY INVESTMENT AREA

513

514

516

517

519

521

522

523

524

525

526

527
528

529

530

531

532

534

536

538

539

Hybrid Methods for Cybersecurity Analysis

Investigate the Effectiveness of Many-Core
Network Processors for High- Performance
Cyber Protection Systems

Leveraging Complexity for Unpredictable yet
Robust Cyber Systems

Massive-Scale Graph Analysis on Advanced
Many-Core Architectures

Proactive Defense for Evolving Cyber Threats
Detection of Identifiable Data
Reliable PUFs for Supply Chain Assurance

Uncertainty Quantification and Substantiation
for Machine Learning in the Context of
Cybersecurity

Assessing Vulnerabilities of Reconfigurable
Logic RF Systems

Peering through the Haze: Privacy and
Monitoring in the Cloud Computing Paradigm

Secure and Efficient Privacy Preserving Program
Obfuscation with Oblivious RAM

Advanced Malware Analytics

Instrumenting Nation-Scale Networks with
Hierarchical, Peer-to-Peer Communications

Memristor Evaluation and Optimization for
Cybersecurity

A Thin Hypervisor for Dynamic Analysis of
ARM Based Embedded Systems

Encryption using Electrochemical Keys (EEK)

Leveraging Formal Methods and Fuzzing to
Verify Security and Reliability Properties of
Large-Scale High-Consequence Systems

Running Malware on Millions of Android Cell
Phones

Geographically Distributed Graph Algorithms

Modeling and Development of Nondestructive
Forensic Techniques for Manufacturer
Attribution

Using Temporal Analysis for Robust Deception
Detection

541

542

544

545

546

An Empirical Assessment of the Factors
Underlying Phishing

Machine-Oriented Biometrics and Cocooning for
Dynamic Network Defense

Flexible and Scalable Data Fusion using
Proactive, Schema-Less Information Services

Training Cyber Situation Awareness in Blue
Team Exercises

GRAND CHALLENGES
INVESTMENT AREA

548
550

551

552

553

554

556

557

558

RapTOR: Rapid Threat Organism Recognition

AQUARIUS: Adiabatic Quantum Architectures
in Ultracold Systems

Enabling Secure, Scalable Microgrids with High
Penetration Renewables

Activity Based Intelligence, Data to Decisions

Science-Enabled Next Generation Photovoltaics
for Disruptive Advances in Solar Power and
Global Energy Safety and Security

Extreme Scale Computing Grand Challenge
UNPUBLISHED SUMMARIES

Appendix A, FY 2012 Awards and
Recognition

Appendix B: FY 2012 Project Performance
Measures
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Sandia National Laboratories’ FY 2012 Laboratory Directed

Research and Development (LDRD) Program:
Discretionary Research and Development for the Future of the Labs

Julia M. Phillips, Vice President and Chief Technology Officer

As authorized by Congress, the Laboratory Directed Research and
Development (LDRD) program at Sandia National Laboratories (Sandia) is
essential to maintaining the vitality of our Labs in mission-critical science,
technology, and engineering (ST&E) disciplines. As Sandia’s sole
discretionary R&D program, LDRD enables our technical staff to pursue
creative, high-risk, and potentially high-impact research and development
(R&D) that simultaneously enables Sandia’s national security mission and
advances the frontiers of science and engineering. Furthermore, LDRD-
funded game-changing research leads to the development of the next
generation of technical capabilities needed to address both established and
emerging mission challenges. Innovation in LDRD projects is crucial to our
overall mission of providing “exceptional service in the national interest.”

All Sandia LDRD projects provide both direct and indirect benefit to the
national security missions of the Laboratories and DOE/NNSA. LDRD is a key contributor to the
development and use of science and engineering capabilities currently employed by the nuclear weapons
program, such as fundamental and applied research in materials science to create MEMS-enabled
integrated optical circuits, vapor-phase lubrication technology for advanced components, binary analysis
tools for cyber-threat malware detection, new high-energy neutron spectrometers, and micro- and
nanoelectronic advances for future quantum computing architectures. In addition, the LDRD program
supports crosscutting R&D in nonproliferation, alternative energy sources, climate, infrastructure
security, biothreat reduction, and cybersecurity, seeking ground-breaking technical solutions for some of
the most challenging emerging ST&E issues facing our nation. LDRD projects often provide benefits to
multiple missions, demonstrating an impact that is far broader than initially envisioned in the original
proposal.

A robust peer-review process of proposals results in the selection of projects that are both of the highest
technical quality and well-aligned with Sandia’s national security missions. LDRD accomplishments
are actively leveraged by management engaged with direct programs in order to maximize the impact of
project results on national security.

The FY 2012 LDRD program supported 433 projects costing $166 M. This annual report offers an
overview of the LDRD projects that were ongoing in FY 2012, highlighting a few examples to
demonstrate the broad scope of LDRD investments. The program overview and project summaries
provide a window into the outstanding ST&E research conducted in the program as well as its potential
for impact on national imperatives.
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Sandia FY 2012 Program Overview

PROGRAM PURPOSE

With the current and future missions of the Department of Energy/National Nuclear Security
Administration (DOE/NNSA) as our guiding principle, the Laboratory Directed Research and
Development (LDRD) program at Sandia National Laboratories (Sandia) supports our broad scope of
national security missions in a forward-looking, proactive fashion. Per Congressional intent (P.L. 101-
510) and DOE guidance (DOE Order 413.2B), Sandia’s LDRD program is crucial to maintaining our
scientific and technical vitality and enhancing our ability to address current and future national security
missions. More explicitly, Sandia’s goals for the LDRD program are as follows:

* Advance the frontiers of science and technology
* Enable innovative S&T in support of our national security missions

Within the LDRD program, Sandia staff have the opportunity to pursue leading-edge research ideas,
hone their technical skills, develop their professional leadership, and advance the state of the art of
science and engineering in support of the Labs’ enduring national security missions.

With a budget of $166 M for 433 projects in FY 2012, the program has underwritten myriad high-risk
science, technology, and engineering (ST&E) projects, often in collaboration with scientists and
engineers in academia, industry and other DOE laboratories. LDRD research has yielded outcomes
contributing to nuclear, homeland, infrastructure, cyber, and energy security — in areas as diverse as
novel sensor concepts and technologies, quantum science and technology, nanotechnology,
metamaterials, computational modeling and simulation, carbon-neutral energy, molecular biology, and
cognitive science. In turn, the results of this research support DOE missions in nuclear security, energy
security, environmental responsibility, and scientific discovery and innovation, as well as broader
national security missions of our WFO customers.

PROGRAM DESCRIPTION

PROGRAM ORGANIZATION AND STRUCTURE:

Responsibility for the Sandia LDRD program rests with the Sandia President, who delegates policy and
process authority to the Chief Technology Officer (CTO). Reporting to the CTO, the LDRD Office is
responsible for day-to-day program management, process development, final proposal review,
monitoring of outcomes, reporting to the responsible NNSA entities, and when appropriate, conducting
periodic operational program reviews for the purpose of recommending program and process
amendments.

LDRD strategic investments are based on a balanced portfolio of major investment categories, called
Program Areas (PAs), which generally consist of a few smaller more focused investment areas (IAs).
The FY 2012 LDRD portfolio consists of five Program Areas: Mission Technologies (MT), Mission
Challenges (MC), Science, Technology and Engineering Foundations (ST&E), Grand Challenges (GC)
and Corporate Investments (CI).

PROGRAM AREA: Mission Technologies

The Mission Technologies Program Area seeks to create and nurture the ability to provide innovative
future solutions for DOE and Work for Others (WFO) sponsors of the Laboratories’ mission areas,
creating or accelerating the development of the needed technologies for national security issues. The
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four Mission Technologies [As align with the Laboratories' Strategic Management Unit (SMU)
structure:

* Defense Systems and Applications (DSA): Develop innovative, technology-based systems
solutions to the most challenging issues facing the national security community.

* Energy, Climate and Infrastructure Security (ECIS): Develop and apply differentiating
technologies in the areas of innovation for US energy security, climate change issues affecting
national security, and infrastructure security.

* International Homeland and Nuclear Security (IHNS): Develop innovative solutions to
lower the risk posed by nuclear and biological proliferation, terrorist threats, catastrophic
incidents, and potentially destabilizing events.

* Nuclear Weapons (NW): Develop and create products and capabilities that incubate science,
technology or engineering solutions for NW mission needs.

PROGRAM AREA: Mission Challenges

New in FY 2012, the Mission Challenges Program Area targets some of the most complex and difficult
ST&E problems facing our nation that no one agency or industry can solve on its own, pursued key
ST&E challenges spanning many years of R&D effort across multiple portfolios and disciplines, and
created breakthroughs in science or engineering. In FY 2012, there was one Mission Challenge
Investment Area:

* Cyber Security (CS): Establish, develop, and advance the scientific foundations for cyber
security to enable much more robust approaches for addressing and mitigating the significant
cyber vulnerabilities we face today and in the future.

PROGRAM AREA: Science, Technology, and Engineering Foundations

The Science, Technology, and Engineering Foundations Program Area seeks to anticipate and provide
for the future ST&E needs of the Laboratory, fostering our science base as a means to further developing
the critical existing and future ST&E capabilities that the SMUs need to support our national security
missions. The five ST&E Foundations [As are:

* Enable Predictive Simulation (EPS): Sponsor innovative research and development that
revolutionizes the knowledge base and capabilities necessary for predictive simulation of
complex problems.

* Nanoscience to Microsystems (NTM): Discover new phenomena at the nanoscale, and create
or prove new concepts, materials, devices, processes, components, subsystems, and systems.

* New Directions (ND): Develop new competencies in the two thematic areas of biological
science and technology, and cognitive science and technology.

¢ Science of Extreme Environments (SEE): Create new knowledge that enables revolutionary
advances in the areas of high energy density physics, radiation sciences, pulsed power, and
fusion energy for national security needs.

PROGRAM AREA: Corporate Investments
Corporate Investments support the strategic needs of Sandia as a national laboratory, nurturing our
workforce, developing external partnerships, and seeking breakthrough science and technology.

* Strategic Partnerships (SP): Emphasizes research that supports the development of strategic
academic partnerships, and/or targets strategic laboratory initiatives.

* Early Career R&D (ECRD): Two-year-funded projects designed to assist new staff members
in initiating research programs. Funds high-risk, potentially high-value research that enables
the missions of Sandia, with a specific focus on the rapid integration of early career Ph.D. staff
into the Sandia workforce.
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PROGRAM AREA: Grand Challenges

Grand Challenges address some of the most difficult problems facing our nation, using larger

(>$2 M/year project) multidisciplinary teams to create significant ST&E advances that lead to unique or
differentiated capabilities not likely to be duplicated elsewhere.

BUDGET:

The actual cost of the FY 2012 LDRD program was $165.2 M of the $166 M target budget. Figure 1
illustrates a breakdown of the FY 2012 portfolio by Program Area cost.

B Science, Technology & Engineering

B Mission Technologies

¥ Mission Challenges

¥ Grand Challenges

¥ Corporate Investments (includes ECRD)

¥ Program Management

Figure 1: FY 2012 portfolio by Program Area cost ($M)

FUNDING PROCESS:

Each Investment Area (IA) manager selects a small group of experienced managers and senior staff to
manage their IA processes, including writing the call, reviewing proposals, and evaluating project
progress. In addition, the IA team works with the principal investigator (PI) and project manager in
leveraging project outcomes.

The process for selecting LDRD projects is a formal process described as follows:

* The Sandia Chief Technology Officer, in collaboration with the Executive Office, identifies the
LDRD IA structure and budget targets.

* The Laboratories’ LDRD Call for Ideas is written by the [As, and describes the goals of the [As,

and their strategy to achieve those goals by addressing scientific and technical challenges
through LDRD investments.

* Interested employees submit 500-word “ideas” online to the appropriate investment areas for
evaluation. Grand Challenge ideas are twice the length of a normal idea.

* The IA teams scrutinize submitted ideas, seeking those that describe leading-edge R&D, have
potential impact on future activities, and are aligned with Sandia’s strategic missions.
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* The IA then selects certain ideas from which to request full proposals for internal peer review. A
proposal that details progress and tasks for the coming year is also needed for all continuation
LDRDs. Proposal length varies with budget: at <$2,000 K, a five-page proposal is written in
addition to a proposal summary (data sheet); and for projects exceeding $2,000 K (i.e., Grand
Challenge), a 20-page proposal is submitted in addition to the proposal summary.

* Independent technical and programmatic appraisals are conducted on each new proposal. The IA
teams then rank the proposals in order of funding preference, and select projects according to
budget targets.

* Continuing projects submit an updated proposal summary (data sheet). These projects are
reviewed annually (at a minimum) for technical progress and continued programmatic alignment.

* The LDRD office reviews and submits project summaries (i.e., data sheets) to the DOE/NNSA
Sandia Site Office (SSO) for individual concurrence.

* The LDRD program office then prepares the annual program plan for review and approval by the
Chief Technology Officer.

PROGRAM IMPROVEMENTS:

Sandia implemented a number of changes to the FY 2012 LDRD program, primarily in response to
LDRD self-assessment activities that were conducted in FY 2011. These changes were primarily
intended to increase transparency, the chief concern identified through participant surveys and focus
group input.

Idea Review and Selection Process Changes
* PI name and organization number were removed from ideas sent to IAs.
* Selected ideas with title and PI name, and A, were posted on the LDRD web site.
Proposal Review and Selection Process Changes
* New formats were implemented for both technical and programmatic reviews, to provide more
substantive feedback and separate scoring.
* Names of [A team members and technical reviewers were posted on the LDRD web site.
* Proposal scores, names and titles were posted on the LDRD web site with selection decisions.
* The PI for every new proposal received an explanation for the IA’s decision to fund or not fund.

With the exception of the anonymous idea submission, which resulted in several unintended
consequences, these changes were well received by researchers, managers, and IA leaders, and will be
continued.

PORTFOLIO DESCRIPTION:

For FY 2012, 811 ideas were submitted, from which 181 were invited to submit new (initial-funding)
proposals, and 81 of these proposals were approved for funding, a final funding rate of 10%. To these
were added 40 new Early Career R&D projects, and 25 other late starts, for a total of 146 new projects.
These 146 newly funded projects were added to 287 continuing projects yielding a total of 433 LDRD
projects funded for the fiscal year.

Mission Relevance:

LDRD projects are chosen for their technical quality, their differentiating and programmatic value to
Sandia, and their relevance to DOE/NNSA’s missions (nuclear security, energy security, environmental
remediation, and scientific discovery and innovation), as well as the national security missions of the
Department of Homeland Security, the Department of Defense, and Other Federal Agencies. As a result,
the scientific advances and technology innovations from LDRD provide multiple benefits to all Sandia
stakeholders, consistent with Congressional intent and our Laboratories’ strategic goals. Figure 2 shows
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the mission relevance of the FY 2012 LDRD portfolio, and in particular, the broad support for a suite of
current and planned national security missions for that portfolio. The dollar amounts total more than
100 percent of the total FY 2012 budget since many projects impact and have relevance to more than

one mission area.

180
160
140
120
100
80
60
40
20

M

94
73

SR

S

155

43

& Q >
S
Q

119

58 53

Figure 2. The FY 2012 LDRD portfolio supports multiple missions. DOE missions: Nuclear Security (NS),
Energy Security (ES), Scientific Discovery (SciDisc), Environmental Responsibility (DOE/Env); and Department
of Homeland Security (DHS), Department of Defense (DoD), Other Federal Agencies (OFA), and other
organizations, e.g., industry (Other).

Project Size:

LDRD projects vary in size and scope. The FY 2012 project size, by budget, is shown in Figure 3.
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Figure 3. FY 2012 LDRD project size distribution, by budget
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Project Strategic Intent Distribution:

The LDRD program supports a range of R&D activity from fundamental research through proof-of-
principle studies and demonstrations. In this context, each project is accorded a strategic designation of
Discover, Create, or Prove (D, C, or P). The intent of “Discover” projects is the creation of new
understanding or knowledge. “Create” projects pursue the innovative application or combination of new
or existing knowledge in a unique fashion, in order to create a novel solution to a problem, or to provide
a revolutionary scientific, technological, or engineering advance. ‘“Prove” projects pursue the validation
of a prospective innovation or concept, in a fashion that reduces unknowns and uncertainties. The
distribution of FY 2012 projects by DCP intent is shown in Figure 4.
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Figure 4. The DCP strategic intent distribution for the FY 2012 LDRD portfolio

EARLY CAREER R&D (ECRD):

Initiated in FY 2010, the Early Career R&D (ECRD) element of the LDRD Program makes a maximum
of $500 K ($250 K/yr) of LDRD funding available for a 24-month project, to Ph.D.-recipient technical
staff members with less than one year on roll. ECRD is designed to enable a smooth transition of the
new-hire into the Sandia workforce, allowing participants to focus on creative research activity, while
simultaneously acclimating them to the national laboratory environment, with its dual focus on R&D
and programmatic work. Originally open to all new Ph.D. level staff members, participants must now
be selected according to a number of available slots allocated to the hiring organizations. In FY 2012,
LDRD funded 40 new and 107 continuing ECRD projects. Two Early Career Days were held to feature
program research outcomes, the first, a New Mexico—site poster session in August 2012, the second, a
California-site poster session in early October 2012.

PROGRAM PERFORMANCE:
LDRD creates and builds new knowledge and novel technologies that develop new capabilities and
produce major scientific advancements through leading edge R&D. Supporting evidence includes
success stories and news coverage, awards and recognition, as well as statistical measures of outputs
such as publications and intellectual property. In June of 2012, the LDRD Office published a brochure
entitled, LDRD Impacts on the Sandia Nuclear Weapons Program. Additional examples are provided
below.
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SCHOLARLY PUBLICATIONS FEATURED ON JOURNAL COVERS

The impact of LDRD-funded research at Sandia is aptly illustrated by the recognition accorded Sandia
scholarly publications deriving from LDRD research.

Capturing the cover of the August 2012 Applied Materials & Interfaces, this paper,
“Effect of Ordered Intermediate Porosity on Ion Transport in Hierarchically
Nanoporous Electrodes,” is backdropped by recent LDRD projects in the area of
nanoporous electrodes.

“Solar Selective Coatings for Concentrating” in the January 2012 issue of the journal,
Advanced Materials & Processes, describes thermal spray and other coatings for solar-
concentrating mirror surfaces that increase the efficiency of reflected solar energy,
maximizing solar thermal transfer to electricity-generating fluids while decreasing heat
losses to the environment.

An invited article, “A Materials Investigation of a Phase-Change Micro-Valve for
Greenhouse Gas Collection and other Potential Applications” made the March 2012
cover of the American Institute of Physics Review of Scientific Instruments. The
described microscale technology for gas collection and storage has implications for
monitoring of atmospheric greenhouse gases.

“Computational Aspects of Many-Body Potentials,” in the May 2012 issue
of the MRS Bulletin, discusses the computational cost and power of molecular dynamics
modeling for simulations that include many-body effects and large numbers of atoms.

“Orthogonal Cell-Based Biosensing: Fluorescent, Electrochemical, and
Colorimetric Detection with Silica-Immobilized Cellular Communities Integrated with
an ITO—Glass/Plastic Laminate Cartridge,” published in the September 2012 issue of
Small, describes the use of living cells as sensors. Entrapped within a nanostructured
silica matrix, the cells are engineered to produce a triple signal — fluorescent,
electrochemical and colorimetric — in response to an analyte, thus conferring
reliability and confidence in the sensor’s output. The cells remain viable for extended
periods, and co-entrapment of both prokaryotic and eukaryotic cells was also achieved.

“Physiological Effects of Free Fatty Acid Production in Genetically Engineered
Synechococcus elongatus PCC 7942, the cover feature of the September 2012 issue of
Biotechnology and Bioengineering, describes the genetic engineering of a
cyanobacterium (prokaryotic alga) to produce greater quantities of the biodiesel
precursor free fatty acids desirable for enhanced biofuels production together with this
engineering’s effect on energy metabolism and cell growth.
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Initially published in September 2012, this work, entitled “Three Dimensional
Nickel-Graphene Core-Shell Electrodes,” published in the Journal of Materials
Chemistry, described a method for creating an intriguing core-shell electrode, with a
nickel core encapsulated by a 3D graphene shell. Initially coating more-random sp’-
bonded carbon with nickel, the researchers discovered a way to graphitize the
structure, the carbon converting to largely sp>-bonded 3D graphene. Simultaneously
with this transition, the nickel-coated 3D graphene transformed to nickel-
encapsulated graphene as the two elements changed position by apparently diffusing
through each other.

2012 AWARDS AND RECOGNITION:
In 2012, Sandia received four R&D100 Awards, all of which had their roots in LDRD projects.

1. In the area of neutron generation for applications as diverse as energy
exploration and medical therapeutics, the Neutristor — a product of
clever design and engineering — offers a solid-state, ultraminiaturized
neutron generator.

2. The Sandia Cooler is a fundamental redesign of heat exchangers that can
greatly increase the efficiency of heat dissipation for applications in central
processing unit cooling, as well as for air conditioning. Approximately 30
times more efficient than conventional air-cooled exchangers, it is also quiet
and defeats the problem of dust-and-debris fouling that plagues conventional
heat exchangers.

3. The Digital Microfluidics Hub forms a microfluidics control/routing
module for efficient, programmable microdroplet-based reagent
trafficking in microscale analytical chemistry, particularly as applied to
biological specimens, such as nucleic acid hybridization.

4. Miniaturized Photovoltaics revolutionizes solar
photovoltaic cells by creating cells of approximately 250-
um diameter and approximately15 pm thick, which exhibit
efficiencies greater than 12% with possible expected
efficiencies as high as 40%, and which can be conformally
molded to irregular surfaces.

Gregory Nielson, the principal investigator (PI) on the fourth R&D100 winner — based on a project
entitled Science-Enabled Next Generation Photovoltaics for Disruptive Advances in Solar Power and
Global Energy Safety and Security — was named by Popular Science Magazine as one of its “Brilliant
10,” one of the ten scientists most likely to positively impact the nation’s science and engineering
innovations.

In addition, other LDRD participants have been recognized for notable technical achievements through
awards from professional societies and organizations, as included in Appendix A. These awards,
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together with the journal covers and the R&D100 awards as just described, delineate a pattern of LDRD-
project impact on the broader ST&E community, supporting the view that LDRD projects serve the dual
role of both supporting the missions of Sandia and DOE/NNSA and also contributing to the leading edge
of science and engineering knowledge.

EXTERNAL REVIEW OF SANDIA’S LDRD PROGRAM:

In FY 2012, for the first time, the Sandia Research Advisory Board (SRAB), including the chairs of each
of the Research Foundation External Review Boards (ERBs), performed a comprehensive external
review of the LDRD program based upon an integration of the individual ERB reviews and External
Advisory Board (EAB) reports for our Grand Challenge projects. The SRAB report is generally very
favorable, and includes some recommendations that will influence future LDRD program investments
and processes. The SRAB report stated that the LDRD program exhibits very high quality research that
is relevant and well aligned with Sandia’s missions. Finally the SRAB noted that many of Sandia’s
successes could be traced back to investments in LDRD.
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ENABLE PREDICTIVE SIMULATION
INVESTMENT AREA

Computational modeling and simulation is the bailiwick of this investment area (IA), funding research
into computational activity that has the capability to both confirm and globalize experimental results, as
well as to guide future experimentation and scientific intervention into national and global challenges.
From models of material failure probabilities and explosive dynamics, to modeling water systems in
semi-arid regions, to clarifying the properties of matter at the nanoscale, to new designs for
computational memory, this IA’s reach across Sandia’s mission areas is quite extensive.

Multiscale Models of Nuclear Waste Reprocessing: from the Mesoscale

to the Plant Scale
Project 141508

This project has developed a PUREX model in SIERRA Mechanics, Sandia’s high performance
computing multiphysics code suite and Cantera, an open source software product for thermodynamics
and kinetic modeling. It included experiments at the droplet and contactor-scales and focused on
modeling at these scales. Advanced thermodynamic methods in Cantera for uranyl transport from acid
solution to the organic phase can predict distribution coefficients for various acid and tributyl phosphate
concentrations. Novel centrifugal contactor experiments with quantitative measurement of 3 phases,
water, organic drops, and air bubbles have been developed. Microfluidic experiments were also
developed enabling the understanding of droplet-formation and internal flows for an aqueous-organic
system. A non-radioactive model system together with a new spectrophotometer provides quantitative
mass transport data for the validation study. This system is used to study mass transport in both the
droplet-scale microfluidic experiments and for contactor-scale experiments. A novel population balance
kernel for drop breakup has also been developed.

Contactor-scale experiment and simulation of turbulent flow in a contactor using Sierra Mechanics
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Effects of Morphology on Ion Transport in lonomers for Energy Storage
Project 141506

Ionomers are largely nonpolar copolymers that contain a small percentage of ionic groups. Although
various material science applications have been suggested for this class of substance, a leading
application of interest to DOE is the possibility of using ionomers as alternative battery electrolytes.
Problematically, in both aqueous and organic-solvent liquid electrolytes, packaging in batteries poses a
difficult and quite expensive challenge. Even further, liquid electrolytes are frequently corrosive or
flammable. Additionally, certain charge-transfer issues can limit their effectiveness. Hence, chemists
have been seeking alternatives to this wet chemistry that do not contain aqueous or organic solvent ion
solutions, but still supply balancing ionic currents with adequate conductivity. lonomers are under
consideration for this role.

In this molecular dynamics research, the team modeled representations of ionomer melts. The ionic
groups were placed in various configurations along the polymer backbone (for example, periodic and
random) in order to shed light on the mechanism by which charge transfer occurs. Tandem
experimental work using x-ray scattering has validated the modeling approach as having realistic
connections to the actual chemistry. The project also performed quantum density functional theory
(DFT) calculations of structures and energies of several ions (Li, Na, Cs, and Zn). The research has
assessed the effect of ionomer structure on conductivity, and to clarify the mechanism of charge transfer
within ionomer melts.

Prior research had strongly suggested that movement of charge in ionomer melts occurs by a “hopping”
mechanism. The current Sandia research suggests a different mechanism: during this aggregation of
ionic groups, the ionic groups move by cluster collisions and rearrangements rather than by “hopping”
between clusters, almost as though the ions are “handed-off” and pushed through the medium by these
molecular rearrangements, thus accounting for the charge conductivity properties of the ionomer melt.

Model of interaction of ionic sites in ionomers.

This alternative explanation for ion conductivity could suggest different routes forward toward
sufficiently improving conductivity of ionomer melts to make them viable as battery electrolytes.

25



Enable Predictive Simulation

Enable Predictive Simulation Investment Area

An Internet Emulation System to Enable Predictive Simulation of Nation-Scale

Internet Behavior
141505

Year 3 of 3
Principal Investigator: R. C. Armstrong

Project Purpose:

We are engaged in a three-year project to address one of the hardest problems confronting the US: the
near-continuous set of attacks that afflict government institutions, businesses, and individuals. These
attacks are usually managed by software known as botnets. Botnets are autonomous, stealthy, and can
cause great damage, pulling data from an organization and distributing it to organized criminal
organizations or, possibly, nation states. As this is written, Sony's Play Station Network has been shut
down, affecting over 75 million users worldwide, with unknown long-term consequences.

Today's popular information technology (IT) solutions, such as virus detectors, are known to be near
useless, as John Chambers, chairman of Cisco, and a recent JASONS report have both pointed out. In
fact, there is little software available today that is of any use at all: datalossdb.org shows a near-constant
loss of data, month by month, even as vendors scramble to patch software, close firewalls, and set up
policy and procedures that they hope will help. One might think by reading the statistics that no one had
put any effort into data protection in the last 30 years — that illustrates how ineffective our measures
have been.

This project aims to make botnet and other malware detection automatic. To do so, we must stand up a
real botnet in an isolated way. We accomplish this by applying high performance computing techniques
to the problem of running hundreds of thousands of Windows or millions of Linux images, using virtual
machine technology. By running these “virtual machines,” we can run a real botnet and understand its
behavior. Once the behavior is understood, we can consider defenses that work, and test those defenses
on our virtual machine system. No other group has come even close to achieving such a large and
accurate simulation.

Summary of Accomplishments:

This year, we hardened, documented, and simplified the interface so that the community at large could
use it. It is not exactly a turnkey system but it is much closer than last year. Megatux is in active use by
multiple federal agencies.

Significance:

Emulating nation-scale networks is of great use in the cyber and IO communities for numerous federal
agencies, from DOE to DoD and DHS.
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Effects of Morphology on Ion Transport in lonomers for Energy Storage
141506

Year 3 of 3
Principal Investigator: A. Frischknecht

Project Purpose:

Polymer electrolytes are essential elements of current and next-generation energy storage applications.
An important class of polymer electrolytes is ionomers, in which one of the ions is covalently bound to
the polymer backbone. lonomers are currently used in fuel cells, and show extraordinary promise as
solid electrolytes in batteries for transportation and portable-power applications. Solid electrolytes are
desirable for a variety of reasons. A primary one is safety: the lack of solvent leads to fewer
electrochemical reactions (e.g., with the electrodes) and the absence of flammable liquids. Solvent-free
electrolytes allow for less packaging (and hence higher energy density batteries) and easier manufacture.
Single-ion conductors such as ionomers also have the advantage of higher efficiency (high lithium
transference numbers), since the anions are bound to the polymer backbone and the current is primarily
due to the cations that actively participate in the electrochemical reactions. However, to date, ionomeric
materials do not have sufficiently high conductivities. lon transport mechanisms in ionomers and their
relation to molecular structure are poorly understood, although it is known that ion transport is coupled
to polymeric motion and to the nanoscale morphology of ionic aggregates that often self-assemble in the
polymer matrix. We are developing and using a suite of multiscale models and tools to investigate the
structure of ionic groups and aggregates in ionomers and to predict their effects on ion transport. The
ability to predictively model these materials will enable the design and synthesis of new ionomers,
which could lead to sizeable improvements in battery safety and performance essential for electrified
vehicles.

This project is focused on the challenging tasks of developing the modeling tools necessary to treat
charged polymeric systems and using those tools to understand the fundamental mechanisms that control
ion transport in polymer electrolytes.

Summary of Accomplishments:

In this project, we focused on understanding a model set of poly(ethylene-co-acrylic acid) (PE-AA)
ionomers, using both molecular simulations and experiments. We performed a large set of coarse-
grained (CG) molecular dynamics (MD) simulations of ionomer melts with varying architectures, and a
second large set of atomistic MD simulations of PE-AA ionomers, both in the acid form and neutralized
with Li, Na, Cs, and Zn ions. Both sets of MD simulations showed that the ionic aggregates have a wide
variety of shapes, depending on the polymer architecture and cation. The scattering structure factors
from both CG and atomistic simulations are in good agreement with x-ray scattering data. In the CG
simulations, the counterions were found to diffuse faster in the systems with extended, percolated
aggregates, suggesting that percolated aggregates are better for high conductivity. The mechanism for
counterion motion is one of cluster rearrangement, rather than ion hopping. We also performed
quantum density functional theory (DFT) calculations of structures and energies of ions (Li, Na, Cs, and
Zn) interacting with acetate molecules (to mimic a fragment of the ionomer). We find the optimal
number of ligands for the monovalent ions is two forming a bidentate structure. For the divalent ions,
the optimal number is three forming a six-fold coordinated ion. Experimentally, the PE-AA ionomers
have been characterized with 'H, "°C, and 'Li NMR (nuclear magnetic resonance spectroscopy). We
found the acid form of the polymer forms strong dimers, while details of molecular architecture and
neutralization level affect the morphology of amorphous and crystalline regions in the various systems.
The Li NMR revealed two different Li environments, which were rationalized by comparison with our
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atomistic MD simulations. Finally, we synthesized large quantities of PE-AA copolymers for use in
future experiments.

Significance:

Improved electrical energy storage is crucial to the energy future of the nation. This project contributes
to DOE’s mission in energy storage by enabling predictive simulation of a potentially revolutionary new
ionomer electrolyte. In this project, we demonstrated the feasibility of simulating ionomer melts and
changed the prevailing scientific view of the molecular details of ionic aggregation in these systems.

We advanced understanding of how polymer architecture affects ionic conductivity, necessary to
designing future better electrolytes.

Refereed Communications:
L.M. Hall, M.J. Stevens, and A.L. Frischknecht, “Dynamics of Model lonomer Melts of Various
Architectures,” Macromolecules, vol. 45, pp. 8097-8108, October 2012.

J.E. Jenkins, M.E. Seitz, C.F. Buitrago, K.I. Winey, K.L. Opper, T.W. Baughman, K.B. Wagener, and
T.M. Alam, “The Impact of Zinc Neutralization on the Structure and Dynamics of Precise Polyethylene
Acrylic Acid Tonomers: A Solid-State '>’C NMR Study,” Polymer, vol. 53, pp. 3917-3927, August 2012.

L.M. Hall, M.E. Seitz, K.I. Winey, K.L. Opper, K.B. Wagener, M.J. Stevens, and A.L. Frischknecht,
“lonic Aggregate Structure in lonomer Melts: Effect of Molecular Architecture on Aggregates and the
Ionomer Peak,” Journal of the American Chemical Society, vol. 134, pp. 574-587, December 2011.

T.M. Alam, J.E. Jenkins, D.S. Bolintineanu, M.J. Stevens, A.L. Frischknecht, C.F. Buitrago, K.I. Winey,

K.L. Opper, and K.B. Wagener, “Heterogeneous Coordination Environments in Lithium-Neutralized
Tonomers Identified Using 'H and 'Li MAS NMR,” Materials, vol. 5, pp. 1508-1527, August 2012.
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Multiscale Models of Nuclear Waste Reprocessing: from the Mesoscale to the Plant

Scale
141508

Year 3 of 3
Principal Investigator: R. R. Rao

Project Purpose:

Nuclear waste reprocessing and nonproliferation models are needed to support the renaissance in nuclear
energy, a proven technology without a carbon footprint. Our aim is to develop predictive capabilities
targeting the design and monitoring of a next-generation nuclear fuel cycle to enable economic large-
scale reprocessing with accurate material balances to mitigate public concerns regarding waste disposal
and proliferation. The goal of this project was to develop a PUREX model in SIERRA Mechanics,
Sandia’s high performance computing multiphysics code suite and Cantera, an open source software
product for thermodynamics and kinetic modeling. Originally we sought to develop modeling
capabilities from the plant scale to the droplet scale. Unfortunately, our work to develop models at the
plant-scale leveraged a DOE Advanced Scientific Computing Research (ASCR) project to develop a
novel, scalable network model to be used to create processing plant “flow sheets.” We redirected our
work to include more experiments at the droplet and contactor-scales and shifted the focus to modeling
at these scales.

Much of the focus of the project has been to develop a moving conformal decomposition finite element
method (CDFEM) method applicable to mass transport at the water/oil droplet interface that occurs in
the turbulent emulsion of droplets within the contactor. Models were developed contactor-scale using
SIERRA Mechanics turbulence modeling capability with the classic level-set method. Unit operations
occur at the column-scale where many contactors are connected in series. Population balances models
were developed to investigate placements and coupling of contactors at this scale. Thermodynamics
models of the PUREX separation were developed in Cantera to allow for the prediction of distribution
coefficients for variation concentrations of surfactant and acid.

Summary of Accomplishments:

We have made improvements to SIERRA Mechanics, the engineering production code for the complex,
for solid-fluid interactions and multiphase flows using our novel moving boundary algorithm termed
conformal decomposition finite element method (CDFEM). We have developed advanced
thermodynamic methods in Cantera for uranyl transport from acid solution to the organic phase, which
can predict distribution coefficients for various acid and tributyl phosphate concentrations. Novel
centrifugal contactor experiments with quantitative measurement of 3 phases, water, organic drops, and
air bubbles have been developed. We have developed microfluidic experiments to understand droplet-
formation and internal flows for an aqueous-organic system. We have developed a non-radioactive
model system, based on neodymium and xylenol orange, with a new spectrophotometer to give
quantitative mass transport data for the validation study. This system is used to study mass transport in
both the droplet-scale microfluidic experiments and for contactor-scale experiments. A novel
population balance kernel for drop break up has been developed.

Significance:

We have developed and implemented novel computational methods in SIERRA Mechanics our
production engineering code. A new thermodynamics framework for separations was developed in
Cantera. We have new experimental capabilities for microfluidics and separations. We have made
scientific contributions to the literature and created environments for collaboration and advancements in
conformal finite decomposition for moving boundary problems through our mini-symposia organization.

29



Enable Predictive Simulation

The Sandia and NNSA nuclear weapons (NW) mission will benefit with new computational methods to
help understand manufacturing processes, performance, and abnormal environments. Some NW
applications that will benefit from this work include foam manufacturing, explosive property prediction,
melting/decomposition in abnormal environments, and thermal batteries performance.

Refereed Communications:
C.F. Jove-Colon, H.K. Moffat, and R.R. Rao, “Thermodynamic Modeling of Liquid-Liquid Extraction,”
to be published in Solvent Extraction and lon Exchange.

M.B. Nemer, P. Santoro, X. Chen, J.B. Blawzdziewicz, and M. Loewenberg, “Coalescence of Drops
with Mobile Interfaces in a Quiescent Fluid,” to be published in the Journal of Fluid Mechanics.

R.R. Rao, L.A. Mondy, T.A. Baer, D.R. Noble, C. F. Brooks, and M.M. Hopkins, “3D Numerical
Modeling of Mold Filling,” invited eBook chapter in Numerical Modeling, InTech - Open Access
Publisher.

J.B. Lechman, M.B. Nemer, and D.R. Noble, “Toward Application of Conformal Decomposition Finite
Elements to Particle Suspensions,” International Journal for Numerical Methods in Fluids, vol. 68, pp.
1409-1421, April 2012.

C.C. Roberts, R.R. Rao, M. Loewenberg, C.F. Brooks, P. Galambos, A.M. Grillet, and M.B. Nemer,
“Comparison of Monodisperse Droplet Generation from a Flow-Focusing Device with Hydrophilic or

Hydrophobic Surfaces,” Lab on a Chip, vol. 12, pp. 1540-1547, April 2012.

R.R. Rao, T.A. Baer, and D.R. Noble, “Computational Fluid Mechanics for Free and Moving Boundary
Problems,” International Journal for Numerical Methods in Fluids, vol. 68, pp. 1341-1342, April 2012.
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Predictive Multiscale Modeling of Thermal Abuse in Transportation Batteries
141509

Year 3 of 3
Principal Investigator: R. P. Muller

Project Purpose:

Transition from fossil-fueled to electrified vehicles depends on developing economical, reliable batteries
with high energy densities and long life. Safety, preventing premature or catastrophic failure, is of
paramount importance in battery design. The largest gaps in our technical understanding of the safe
operation of electrical energy storage devices involve the fundamental mechanisms, energetics, and
inefficiencies of complex processes that occur during battery operation that can lead to thermal runaway:
charge transfer, charge carrier and ion transport, both in the bulk and at various interfaces, and
morphological and phase transitions associated with Li-ion transport between cathode and anode. We
will develop a comprehensive predictive capability for thermal management and the onset of thermal
runaway in transportation-based secondary Li-ion batteries, rooted in a first-principles description of the
governing atomistic processes at the electrode-electrolyte interface, propagating chemical information
through multiple scales to a continuum-scale description of thermal transport and failure capable of
addressing a variety of operational and thermal excursion conditions.

Summary of Accomplishments:

We developed a multiscale modeling toolkit for determining the chemical mechanisms related to battery
safety degradation and applying them to larger scale phenomena such as passivation layer degradation at
the mesoscale, and cell performance at the macroscale. A number of the individual tools we have
developed are notable, including an electrode-electrolyte simulation capability, and a phase-field
modeling capability to describe passivation formation and degradation.

Significance:

We have explored and advanced multiscale modeling capabilities in this project, which are central to
many aspects of Sandia's mission. We have built our software atop much of the scalable capabilities
developed for the nuclear weapon stockpile, and in so doing, have verified the utility of this code. The
development of such a comprehensive model will enable scientists and engineers to identify and address
potential safety and stability issues of new battery designs prior to experimental realization. This will
constitute a unique capability and will be of great significance within Sandia, for the DOE and DoD, and
for its current and future commercial partners.

Refereed Communications:
R. Spotnitz and R. Muller, “Simulation of Abuse Behavior of Lithium-Ion Batteries,” Electrochemical
Society Interface, vol. 21, pp. 57-60, 2012.

J. Deng, G.J. Wagner, and R.P. Muller, “Phase Field Model of Solid Electrolyte Interphase Formation in
Li-ion Batteries,” MRS Proceedings, vol.1440, 2012.
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Risk Assessment of Climate Systems for National Security
141510

Year 3 of 3
Principal Investigator: G. A. Backus

Project Purpose:

The US executive branch, many members of Congress, and defense and intelligence communities
recognize that climate change has considerable potential to create high-consequence security threats.
They further recognize the gap between climate science and Sandia’s engineering risk-based analyses
needed to characterize the national security threat. National security issues arising from perceptions of
climate change already produce geopolitical tensions within the Arctic, Russia, China, and Africa. From
population migration, to the loss of economic viability, to the new access to critical resources, to the
disruption of strategic supply chains, climate change produces destabilization hazards across countries.
To understand geopolitical issues, we must understand the dynamics of regional climate change and its
concomitant effects on human and state behavior. Moreover, we must understand and accommodate the
inescapable uncertainty in physical and human-behavioral modeling before we can assign any level of
confidence (validation) to the results that analyses produce. This effort will extend our existing climate
capabilities to perform regional analyses and a comprehensive characterization of potential security
threats. We are identifying emergent and signpost phenomena of climate change, along with sensitivity
fingerprints. We are coupling climate change, hydrological and socioeconomic analyses with new
uncertainty quantification methods (adapted from Sandia’s Advanced Scientific Computing [ASC] and
new Office of Science [SC] work) for examining the high-consequence tails of the climate probability
distributions that dominate the risks and impacts for societies and economies. Our previous work
established that the primary path of climate change risk follows a course from local hydrological
impacts affecting the ability to maintain local economic activity. Interregional socioeconomic
interactions then produce ripple-effect impacts on a global scale with geopolitical ramifications.
Decision support systems to quantify and manage the associated risk thereby require multiscale and
coupled analyses. Methods to measure and encapsulate the dynamic uncertainty for supporting risk-
informed policymaking are non-existent.

Summary of Accomplishments:

We developed new methods to evaluate the tail region of probabilistic results from computationally
intense climate models and new methods for management confidence for socioeconomic and behavioral
models. We evaluated the current preferred models for land-use and hydrological impacts, and rejected
it because it could not realistically address the impact on humans. We then worked with the University
of Illinois to modify a global hydrological model that could address climate induced, hydrological
impacts on humans. We developed new methods to determine cloud formation and aerosol impact. We
demonstrated emergent phenomena in the future Arctic and evaluated the impact of reduced ice-cover
on economic and national security issues. We developed new methods to address the impact of climate
change on infrastructure and were given four lead-authorships for the White House directed 2013
National Climate Assessment.

Significance:

Climate change impacts potentially affect numerous aspects of DOE and DHS missions, from energy
production and electric grid functioning through such DHS interests as port operation and security. Our
work stands to contribute to the understanding of climate change phenomena.
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Refereed Communications:
S. Nash, “Human Impacts of Climate Change,” invited book for University of Virginia Press,
(interviews and work of M. Boslough, M. Taylor, and G. Backus).

H. Schmidt, A.R. Kerstein, R. Nédélec, S. Wunsch, and B.J. Sayler, “Numerical Study of Radiatively
Induced Entrainment,” Journal of Physics: Conference Series, vol. 318, section 7, 2011.

G.A. Backus, T.S. Lowry, and D.E. Warren, “The Near-Term Risk of Climate Uncertainty among the
US States,” Climatic Change, vol. 116, pp. 495-522, February 2013.
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Streaming Data Analysis for Cybersecurity
141511

Year 3 of 3
Principal Investigator: S.J. Plimpton

Project Purpose:

A ubiquitous task in cybersecurity is monitoring network traffic, looking for anomalies that indicate
incoming attacks, intruders or malware already inside a local network, or data exfiltration. Monitoring
typically involves data collection and post-processing of archived log files using manually updated
filters along with human inspection and judgment. While effective, this approach has limitations:
timely responses may be impossible, analyses may be inaccurate or incomplete since data exceeds
storage capabilities, and rapidly evolving attack strategies may be undetectable.

These issues can potentially be addressed by modeling and analyzing the stream of network traffic in
real time, as it is captured. We are devising and implementing new streaming algorithms to overcome
these challenges and enable the power of post-processing methods, which employ graph-based
algorithms and classification techniques, to be applied in real time. We are focusing on two cyber
problems of critical importance to Sandia: malware and botnet detection. The former involves not only
the classification of downloaded software, but also characterization of the preceding events and bad sites
that enabled it. The latter involves detection of machines inside our network that communicate
inappropriately, are under external control, or which exfiltrate their files.

We are validating our algorithms using the rich compendium of archived “event” data that Sandia has
and will continue to collect. If successful, we anticipate our software will be used in Sandia monitoring
efforts, and at other government agencies.

Streaming analysis and algorithms are challenging in several respects. They operate in real time on
large volumes of input data, they are constrained in their memory usage and computational cost, and
they must age (expire) data appropriately. Developing graph and classification techniques that work
effectively in this mode is a new and growing area of algorithms research, with application not only to
cybersecurity, but also to data mining and informatics more broadly.

Summary of Accomplishments:

The focus of this project was to develop new algorithms and methodologies for computing on streaming
data that arrives in real time, with an emphasis on streaming network data for cybersecurity applications.
We highlight four specific accomplishments:

1. We have designed and deployed two data collection pipelines, one in New Mexico and one in
California. These continuously collect WWW traffic and downloaded EXE and PDF files and
archive the information into two fast no-structured query language (SQL) databases. The databases
also support real-time back-end processing, whereby we wrote additional tools to analyze the data in
near-real time and flag suspicious events for cyber analysts (e.g., in the form of daily reports).

2. We have applied machine-learning methods using ensembles of streaming decision trees to analyze
and classify downloaded EXE files as goodware versus malware. This uses either static or dynamic
properties of the files, the latter via running them in the server cluster FARM sandbox system for a
few minutes. The trees were enhanced to make them more robust to “concept drift,” where the
malware properties change over time.
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3. We wrote an open-source framework called PHISH for developing and running streaming
algorithms in parallel on distributed-memory platforms. It can be downloaded from
http://www.sandia.gov/~sjplimp/phish.html. We used PHISH to write two parallel graph algorithms
that find triangles and sub-graph isomorphism matches in an incoming stream of edges.

4. We invented a new streaming graph algorithm for finding connected components in parallel. Its data
structures and operations have the unique property of only requiring constant-time work per
incoming edge, so it is guaranteed to keep up with streams up to a certain data rate. It can also
answer real-time queries about the graph and its components.

Significance:

The malware detection capability will be deployed by cyber analysts in California. Discussions with
New Mexico analysts are ongoing. The data collection pipelines will continue to be used by other
projects at Sandia. The streaming graph algorithm work is being published in the open literature. The
availability of PHISH as open-source software may lead to new collaborations with external or internal
partners. Moreover customers such as DoD and DHS can readily benefit from this software.

Refereed Communications:

S.A. Mitchell, “Geometric Comparison of Popular Mixture Model Distances,” to be published in the
Journal of Modern Mathematics Frontier.
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Understanding the Fundamentals of Plastic Deformation
141712

Year 3 of 3
Principal Investigator: C. R. Weinberger

Project Purpose:
This project looks into a few fundamental aspects of plasticity at the micro- and nanoscale: dislocation
motion and multiplication, dislocation nucleation, and homogenization of dislocation structures.

Dislocation motion in small volumes is complicated because of the high surface-to-volume ratio in these
structures. Much of the research has so far has concentrated on how the free surfaces give rise to
additional forces and the annihilation of dislocations at the surface. However, additional effects of free
surfaces are less well known.

The nucleation of dislocations from free surfaces, which is important in nanomechanics, depends on a
variety of factors including loading direction, surface orientation and the surface topology. The strength
of nanomaterials is controlled by dislocation nucleation from surfaces and therefore models of this are
greatly needed. Furthermore, there is a lack of comparisons with the emerging experimental evidence,
which is naturally more complicated.

Homogenization of dislocation structures is difficult because it is unknown how the overlying
mechanical properties are connected to material microstructure, which may also depend on the loading
conditions. This project aims at identifying important variables that describe the dislocation structure
evolution using dislocation dynamics, which can help predict mechanical properties.

The PI is a Harry S. Truman Fellow.

Summary of Accomplishments:

We developed a continuum model for dislocation nucleation from free surfaces based on atomistic
inputs. The continuum model is able to describe multiple materials (gold, silver, copper, aluminum, and
nickel) for a variety of orientations (<100>, <110>, <111>). This model was used to predict the
transition from single arm source operation to heterogeneous nucleation as a function of material and
crystallographic orientation.

We have also investigated the behavior of single arm sources in nanopillars using molecular dynamics.
We discovered that these sources are generally unstable (ephemeral) at these scales; the dislocations
easily escape to the free surface. We also showed that we can artificially pin dislocations in these small
volumes, which allow us to study their behavior. Our simulations showed that the pinned dislocations
behave as Frank-Read sources with the appropriate strength and dynamics.

The mechanical properties of bicrystalline nanowires were also investigated using molecular dynamics.
These simulations show promise as a way to investigate how dislocations interact with grain boundaries.
Notably, we see that symmetric tilt grain boundaries do not emit dislocations as readily as random high-
angle grain boundaries, suggesting that they act more as a sink to lattice dislocations while the random
high-angle grain boundaries act as both a sink and source to dislocations.

Significance:
Sandia’s success relies on being at the forefront of materials characterization, modeling and
development. The research will provide improved fundamental basis for the development of materials
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models for the full range of programs at the laboratories. Specifically, it addresses the problems of
modeling material mechanical properties at the small scale and these developments are important for
interpreting small-scale mechanical measurements and comparisons. These properties are of potential
importance to multiple DOE alternative-energy initiatives, for example, superior LED development.

Refereed Communications:

C.R. Weinberger, C.C. Battaile, T.E. Buchheit, and E.A. Holm, “Incorporating Atomistic Data of Lattice
Friction into BCC Crystal Plasticity Models,” International Journal of Plasticity, vol. 37, pp. 6-30,
October 2012.

A.T. Jennings, C. Gross, F. Greer, Z.H. Aitken, S.-W. Lee, C.R. Weinberger, and J.R. Greer, “Higher
Compressive Strengths and the Bauschinger Effect in Conformally Passivated Copper Nanopillars,”
Acta Materialia, vol. 60, pp. 3444-3455, May 2012.

C.C. Battaile, B.L. Boyce, C.R. Weinberger, S.V. Prasad, J.R. Michael, and B.G. Clark, “The Hardness
and Strength of Metal Tribofilms: An Apparent Contradiction between Nanoindentation and Pillar
Compression,” Acta Materialia, vol. 60, pp. 1712-1720, February 2012.

C.R. Weinberger and G. J. Tucker, “Atomistic Simulations of Dislocation Pinning Points in Pure Face-
Centered-Cubic Nanopillars,” Modeling and Simulation in Materials Science and Engineering, vol. 20,
p. 075001, 2012.

C.R. Weinberger and W. Cai, “Plasticity of Metal Nanowires,” Journal of Materials Chemistry, vol. 22,
pp- 3277-3292, January 2012.

C.R. Weinberger, A.T. Jennings, K. Kang, and J.R. Greer, “Atomistic Simulations and Continuum
Modeling of Dislocation Nucleation and Strength in Gold Nanowires,” Journal of the Mechanics and
Physics of Solids, vol. 60, pp. 84-103, January 2012.

37



Enable Predictive Simulation

Advanced Constitutive Models for Thermally Activated Shape Memory Polymers:

Connecting Structure to Function
146013

Year 3 of 3
Principal Investigator: J. A. Zimmerman

Project Purpose:

Thermally activated shape memory polymers (SMP) can be manufactured to memorize a permanent
shape, programmed thermomechanically to hold a temporary shape, then deployed back to its permanent
shape in response to a specific temperature event. Compared to shape memory alloys, SMPs are
inexpensive to manufacture. They are malleable and damage tolerant, and can undergo large,
controllable shape changes in excess of 100% strain. SMPs are being investigated for a variety of
applications, including temperature sensors, deployable and morphing structures for aerospace and
biomedical. The shape memory performance depends on the complex interactions of many
microstructural and thermomechanical factors, and considerable opportunities exist to tailor the polymer
structure and the thermomechanical programming procedure to achieve the desired shape memory
performance.

Our work initially focused on type I SMPs described by covalently cross-linked amorphous networks.
The shape memory effect is provided by the equilibrium configuration of the cross-linked network.
Shape storage and recovery is achieved by the glass transition and is strongly influenced by viscoelastic
relaxation. While the thermo-mechanical properties of SMPs are highly customizable, the connections
between thermomechanical properties and shape memory performance are unclear. Our goal is to
develop advanced constitutive models for SMPs to study the connection between polymer structure,
thermomechanical properties, and shape memory performance.

Summary of Accomplishments:

We have developed a coupled thermoviscoelastic model for amorphous polymer networks. The model
combines the effects of broad stress and structural relaxation spectrum above the glass transition
temperature (Tg), yielding and post-yield softening below Tg, and heat conduction. In addition, we
focused our efforts in FY 2012 on studying the solvent driven shape memory effects and environmental
aging in amorphous polymers. We developed formulations for a random copolymer network, which
allow for independent tailoring of the glass transition, rubbery modulus, and swelling ratio for water.
The system uses two different monomers, methyl acrylate (MA), methyl methacrylate (MMA), and
crosslinkers poly(ethylene glycol) dimethacrylate (PEGDMA750) and di(ethylene glycol)
dimethacrylate (DEDMA). The ratio of the monomers and crosslinkers are chosen so that the different
networks have the same Tg and rubbery modulus, but different swelling ratio ranging from 3—13%.
These systems enable us to investigate the effect of swelling ratio on the thermoviscoelatic properties
and shape memory behavior. In conjunction with this modeling project, we performed a suite of
thermomechanical experiments on the dry polymer and the fully swollen polymer. Our dynamic
mechanical analysis (DMA) experiments reveal that swollen material has a more compliant glassy
response and a lower Tg. In isothermal uniaxial compression specimens at room temperature and strain
rate 0.002/s, the swollen sample is significantly softer than the dry material. The dry material exhibits a
viscoplastic response with yielding and post-yield softening, while the swollen material exhibits a
viscoelastic response. We also measured the solvent driven unconstrained strain recovery of the
material by immersing a specimen, programmed at high temperature in tension, in water.
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Significance:

The modeling studies provide a fundamental understanding between thermoviscoelastic properties and
thermomechanical loading conditions and the recovery behavior of shape memory polymers, which is
needed for the developmental of computational tools for the efficient design and optimization of SMP
materials and devices. Moreover, this research advances the development of a continuum-modeling
framework for finite deformation thermoviscoelasticity. By reducing design and manufacturing costs
and enabling new and integrated functionalities, the models developed have the potential to significantly
impact a broad range of technologies important to DOE and DoD, including medical devices, integrated
sensors and actuators, aerospace, and manufacturing.
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Effective Programming Tools and Techniques for the New Graph Architecture

HPC Machines
149655

Year 3 of 3
Principal Investigator: D. Dechev

Project Purpose:

Large graph problems that arise in complex network analysis, data mining, computational biology, and
national security applications have sparked the development of new types of high-performance
architectures and codes. These codes involve very large numbers of threads and much greater sharing of
information between processors than traditional scientific computing approaches, posing much greater
concurrency challenges. Unfortunately, concurrent programming for shared memory multithreaded
applications is non-trivial because of the numerous hazards including race conditions, deadlocks,
livelocks, and order violations. Such errors are hard to reproduce, often lead to unpredictable real-time
behavior and are notoriously difficult to debug. The use of mutual exclusion, the most common
synchronization technique for shared data, can lead to significant overhead, high complexity, and
reduced parallelism in addition to the mentioned safety risks. Even for conventional multicore systems
and datasets of modest size, the use of mutual exclusion can cause convoying effects that, in turn, can
seriously affect the application’s performance. According to a number of studies at NASA Ames, the
current development and validation techniques are prohibitively expensive for problems of such
complexity. We are addressing this highly challenging problem by creating a software framework for
safe and efficient concurrent synchronization for massively multithreaded shared-memory programs.
This approach will be based on the application of lock-free synchronization, a new alternative to mutual
exclusion for designing scalable data objects. In our previous work, we have shown that lock-free
synchronization eliminates whole classes of concurrency hazards while delivering performance
improvements for many scenarios by a large factor. Our goal is to create a portable and generic
software platform that will greatly assist domain scientists who are not experts in concurrency theory
and formal methods produce highly efficient and correct high performance computing code for solving
large graph analysis problems.

Summary of Accomplishments:

Understanding: this research has led to a deeper understanding of the principles for effective design and
application of nonblocking data structures for multiprocessor programming. The problem of practical
design of nonblocking data structures is known to be difficult.

Discovery: our approach has led to the discovery of new data structure designs, such as a wait-free hash
table, a wait-free vector and 14 other related container types, for the development of software
applications that fully exploit modern multiprocessor architectures.

Software deliverable: highly reusable open source software library with 16 data structures and other
parallel building blocks.

Significance:

Our results allow a new kind of large-scale enabling predictive simulation. The deliverables will
provide an immense boost in performance and software reuse, consequently productivity, for developers
of scientific and systems applications, which are predominantly in C/C++.

The C++ Standard Template Library is widely used and a concurrent replacement library will have an
immediate practical relevance and a significant impact on a variety of parallel programming domains
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including enabling predictive simulation, massive data mining, and computational biology. The
deliverables will enable software that is substantially more reliable and efficient than the existing state
of the art. Data mining applications are relevant to DoD and DHS, while predictive simulation is
important to both these and other federal agencies, including DOE/NNSA.

Refereed Communications:

R.A. Ashraf, F. Luna, D. Dechev, and R.F. DeMara, “Designing Digital Circuits for FPGAs using
Parallel Genetic Algorithms,” in Proceedings of the 2012 Symposium on Theory of Modeling and
Simulation, 2012.

A. Hall, M. Gabilondo, and D. Dechev, “Using Parallelization to Improve the Efficiency of an
Automated Taxi Route Generation Algorithm,” Central European Journal of Computer Science, vol. 2,
pp- 118-127, June 2012.

S. Braeger, N. Arnold, and D. Dechev, “Scalable N-Body Event Prediction,” Central European Journal
of Computer Science, vol. 2, pp. 1-15, March 2012.

D. Bottisti, L. Mendez, and D. Dechev, “CuNeuQuant: A CUDA Implementation of the NeuQuant
Image Quantization Algorithm,” in Proceedings of the 16th International Conference on Image
Processing, Computer Vision, and Pattern Recognition, 2012.

A. Vidal, D. Dechev, and A. Kassab, “Evaluation of Two Acceleration Techniques in a Multithreaded

2D Poisson Equation Solver,” in Proceedings of the International Conference on Computational
Science, 2012.

S. Jin, D. Dechev, and Z. Qu, “Parallel Particle Swarm Optimization (PPSO) on the Coverage Problem
in Pursuit-Evasion Games,” in Proceedings of the 20th ACM/SIGSIM High Performance Computing
Symposium, 2012.

A. Vidal, A. Kassab, D. Mota, and D. Dechev, “A Multithreaded Solver for the 2D Poisson Equation,”
in Proceedings of the 20th ACM/SIGSIM High Performance Computing Symposium, 2012.
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Stochastic Study of Microparticle Adhesion due to Capillary Condensation
150123

Year 3 of 3
Principal Investigator: J. A. Hubbard

Project Purpose:

Advanced diagnostics and experimental methods have been developed to characterize microparticle
resuspension and the effects of particle size, capillary condensation, electrostatics, and van der Waals
adhesion. Laser Doppler Vibrometry, digital microscopy, and high-speed imaging were used to make
in-situ measurements of surface accelerations and corresponding particle resuspension rates.
Microparticle adhesion and resuspension have been studied, where Laser Doppler Vibrometry, digital
microscopy, and high-speed imaging were used to characterize the rate of microparticle resuspension
due to mechanical impulse forces. The effects of capillary condensation, particle size, electrostatic
adhesion, and van der Waals forces have been quantified. The effects of inter-particle cohesive bonds
on aggregate-surface adhesion were also observed and quantified. These observations suggest clusters
of biological spores may resist resuspension forces due to internal energy dissipation.

Summary of Accomplishments:

Experimental data were used to formulate semi-empirical correlations for percent resuspension as a
function of the dimensionless resuspension force. These correlations can be used in existing
computational modeling tools, such as the Hazard Prediction and Assessment Capability (HPAC), to
simulate the dispersion and fate of radiological, biological, and chemical weapons agents in the
atmosphere. Experimental methods developed here can be directly applied to trace detection and
remediation of chemical, biological, radiological, nuclear, and explosive materials (CBRNE) and are
recommended for studying spore resuspension. Semi-empirical relationships presented in this work can
also be integrated into existing hazard prediction and assessment capability tools to incorporate the
effects of resuspension in computational. This work constitutes a validation data set for discrete element
models (DEM) developed at Sandia, which could be used to model microparticle adhesion and
resuspension. These methods can be used for future studies of adhesion and resuspension of CBRNE
under realistic atmospheric conditions.

This work constitutes a validation data set for DEM, thereby enabling predictive simulation. DEM
models can be used, and should be developed, to study aerosol transport and fate, aggregate adhesion,
and the physics of aerodynamic resuspension.

Semi-quantitative observations of particle aggregation illustrate the influence of inter-particle cohesive
forces on aggregate-surface adhesion. These observations are particularly relevant to 1) the detection of
biological agents, and 2) remediation of critical infrastructure contaminated with biological agents, since
they most likely exist as clusters of spores rather than isolated spores. Although semi-qualitative, this
observation is the first of its kind and further supports the use of DEM models to study microparticle and
aggregate adhesion and resuspension.

Significance:

Experimental methods developed here can be directly applied to trace detection and remediation of
chemical, biological, radiological, nuclear, and explosive materials (CBRNE) and are recommended for
studying spore resuspension. Semi-empirical relationships presented in this work can also be integrated
into existing hazard prediction and assessment capability tools to incorporate the effects of resuspension
in computational models. Lastly, this work constitutes a validation data set for discrete element models
(DEM) developed at Sandia, which could be used to model microparticle adhesion and resuspension.
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Of relevance to DoD and DHS, resuspension of biological particles from terrorist attacks is a significant
threat not adequately incorporated into existing hazard assessment and prediction tools. Additionally,
our scientific understanding of aerosol resuspension can be improved through experiment and
computational modeling. In this study, aerosol resuspension experiments were performed.
Experimental methodologies developed in this work represent new and innovative techniques to
evaluate spore resuspension for homeland security applications and force protection. Experimental
results from this work can also be integrated into existing hazard prediction tools and be used to validate
advanced computational physics models.

Refereed Communications:

J.A. Hubbard, J.E. Brockmann, D. Rivera, and D.G. Moore, “Experimental Study of Impulse
Resuspension with Laser Doppler Vibrometry,” Aerosol Science and Technology, vol. 46, pp. 1303-
1312, July 2012.
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Studies in High Rate Solidification
150638

Year 3 of 3
Principal Investigator: J. D. Madison

Project Purpose:

Sandia is responsible for the quality and well-being of welding and brazes throughout the DOE and
NNSA complex with applications ranging from nuclear weapons and nuclear energy to waste storage
and renewable energy technologies. High rate solidification joinings are multi-tiered, multi-physics
processes. Prior investigations at Sandia have focused primarily on macroscale studies beyond the level
of the microstructure and have been largely phenomenological and process or component-driven in
scope. While still challenging, 3D reconstructions of experimentally derived microstructures of
appreciable scale and resolution are becoming increasingly possible due to recent advances in
experimental tools, computational power and data storage and have allowed incremental increases in the
understanding of material systems, material microstructure, and material properties.

Investigation of the linkage between processing and resultant microstructure have been pursued through
investigation of high rate solidification events found in laser welds of 304L stainless steel. A variety of
standing-edge joints utilizing a continuous wave Nd:YAG laser have been produced and examined in a
304-L stainless steel to advance fundamental understanding of the linkage between processing and
microstructure in high-rate solidification events. Acquisition of 3D reconstructions via micro-computed
tomography combined with traditional metallography has allowed for qualitative and quantitative
characterization of weld joints in a material system of wide use and broad applicability. The presence,
variability, and distribution of porosity has been examined for average values, spatial distributions and
morphology and then related back to fundamental processing parameters such as weld speed, weld
power, and laser focal length.

Summary of Accomplishments:

In this work, a methodical evaluation of laser-weld parameter space encompassing five discrete welding
speeds over six different delivered powers and two separate focal lenses were employed for quantifying
microstructure variation and the effect on material properties in laser weldments. Process parameter
maps relating laser focal length, delivered power, and welding speed to averages, maximums,
minimums, and full distributions of porosity size, shape, orientation and frequency were determined for
the aforementioned laser welds in 304L stainless steel.

Significance:

In this project, a thorough set of 3D metrics for quantifying the presence of microstructure features was
developed and a framework to pass such quantitative metrics on to continuum-level mechanical
response models was created. This work has direct applicability to life extension efforts and also
facilitates an improvement in Sandia’s ability to support welds and joinings throughout the entire
DOE/NNSA complex.

Refereed Communications:
J. Madison and L.K. Aagesen, “Quantitative Characterization of Porosity in Laser Welds of Stainless
Steel,” Scripta Materialia, vol. 67, pp. 783-786, November 2012.

44



Sandia National Laboratories 2012 LDRD Annual Report

Quantifiably Secure Power Grid Operation, Management, and Evolution
151288

Year 2 of 3
Principal Investigator: J. Watson

Project Purpose:
This project will develop decision-support technologies to enable rational and quantifiable risk
management for the key grid operational timescales.

Risk or resiliency metrics are foundational in this effort. The 2003 Northeast Blackout investigative
report stressed the criticality of enforceable metrics for system resiliency — the grid’s ability to satisfy
demands subject to perturbation. However, we lack well-defined risk metrics for addressing the
pervasive uncertainties associated with renewables generation, and decision-support tools for their
enforcement, thus severely impacting efforts to rationally improve grid security.

For second-to-minute timescales, robust control systems must mitigate the impact of failure cascades,
forming self-sustaining island network topologies to facilitate rapid service restoration. For day-ahead
unit commitment, decision-support tools must account for topological security constraints, economic
costs, and supply and demand variability — especially given high renewables penetration. For long-
term planning, transmission, and generation expansion must ensure that realized demand is satisfied for
projected technological, climate, and growth scenarios. The timescales are tightly coupled and,
consequently, must be studied in concert.

Our decision-support tools will analyze and enforce tail-oriented risk metrics for explicitly addressing
high-consequence events. Historically, decision-support tools for the grid consider expected cost
minimization, largely ignoring risk and, instead, penalizing loss-of-load through artificial parameters.

Our technical focus is the development of scalable solvers for enforcing risk metrics. We will develop
advanced stochastic programming solvers to address generation and transmission expansion and unit
commitment, minimizing cost subject to pre-specified risk thresholds. Despite significant promise,
major algorithmic challenges remain to address regional and national grid scales. With renewables,
security critically depends on production and demand prediction accuracy. We will use powerful
filtering techniques for spatiotemporal measurement assimilation to develop short-term predictive
stochastic models. Novel robust control algorithms will be developed to enforce risk thresholds for unit
commitment and failure cascade mitigation. These algorithms currently and unrealistically (given
renewables) assume tightly bounded uncertainties.
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Predicting Structure-Property Relationships for Interfacial Thermal Transport
151289

Year 2 of 3
Principal Investigator: E. S. Pickos

Project Purpose:

Microsystems are a key component in a vast array of applications, impacting most Sandia mission
thrusts. Over time, microsystems designers have increased the number of material regions in a typical
device while decreasing their spatial extent. From a thermal perspective, this trend increases the relative
importance of interfacial transport compared to traditional bulk transport. Increasingly, interfacial
thermal transport is an important factor in numerous Sandia-developed microsystems including high-
power electronics, coolers for space-based sensors, microelectromechanical systems (MEMS), and
thermoelectric power modules. Predictive tools are therefore essential for characterizing existing
designs under uncertainty in manufacture and operation, as well as for leveraging interfacial transport to
enhance functionality in future designs.

Current models for interfacial thermal transport are inherently limited due to the nearly ubiquitous
assumption of a perfect boundary. As a result, the transport is treated as an intrinsic material property,
independent of interface structure, despite ample experimental evidence to the contrary.

We propose to develop a predictive tool for thermal transport through realistic interfaces. This tool will
provide experimentally validated structure-property relationships for nanostructural features, including
interfacial dislocations and compositional intermixing. It will be developed through a “bottom-up”
computational approach, combined with systematic fabrication, disruption, and characterization of
interfaces.

Interfacial thermal transport at imperfect boundaries is an inherently multiscale problem with many
interacting effects arising from the fact that lattice perturbations can extend over many unit cells and
many types of defects can exist simultaneously. An organized inquiry, therefore, places great demands
on simulation, sample fabrication, microstructural characterization, and thermal transport measurement
— all of which must be performed in close communication with one another to disentangle competing
effects. Sandia’s strength in all these areas provides a unique opportunity to perform such an inquiry
and replace decades-old simplifications with validated physics-based models.
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Physics-Based Multiscale Stochastic Methods for Computational Mechanics of

Heterogeneous Materials
151291

Year 2 of 3
Principal Investigator: J. B. Lechman

Project Purpose:

Classical continuum models of transport in complex, heterogeneous systems (groundwater contaminant
transport, charge carrier transport/storage in composite electrodes) frequently struggle to give reliable
results while detailed microscopic methods (molecular dynamics) are computationally prohibitive at
large scales. However, it is often unrecognized that these systems exhibit related phenomena that can
serve as a unifying basis for a generalization of continuum mechanics beyond classical assumptions.
Common features include long-range correlations and multiple overlapping/competing length and time
scales, which render suspect the classical assumptions of scale separation and “slowly” varying mass,
momentum, and energy densities. Recent developments in nonlocal models make it possible to relax
classical continuity assumptions without sacrificing mathematical verification, computational feasibility
or model validation. Hence, we seek nonlocal models, which are thermodynamically and physically
consistent at scales intermediate to the atomistic (micro) and component/process (macro) scales. As an
archetypal heterogeneous material, we will develop a physically based, mesoscale, stochastic continuum
model of colloidal suspensions (diffusive transport in random media).

Although some recent effort has focused on spatial and temporal nonlocality in various systems, we will
develop models in the framework of nonlocal calculus by connecting nonlocal master equation models
to underlying physical stochastic processes. This avoids assumptions that create difficulties for
capturing inherently nonlocal phenomena (e.g., “cooperative’’/correlated dynamics, or non-Fickian
behavior). This is a novel approach that distinguishes Sandia’s capabilities. Many seek to capture these
features through higher-order gradient expansions of relevant fields or through homogenization. We
seek to capture nonlocal effects through integral equation formulations as opposed to partial differential
equation-based models. A high-risk focus of this effort will be establishing the physical basis of the
approach in terms of correlation lengths and times and the link between microscopic correlated
dynamics and mesoscale statistics for the model system.
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Network and Ensemble Enabled Entity Extraction in Informal Text (NEEEEIT)
151292

Year 2 of 3
Principal Investigator: W. P. Kegelmeyer

Project Purpose:

Much of the world’s actionable information is locked up in increasingly unmanageable volumes of text.
This has inspired work in “entity extraction” (EE), which is the detection of meaningful terms in text:
persons, places, dates, etc. Robust, accurate entity extraction is the crucial first step for all information
extraction from text; you can’t “connect the dots” unless you identify the dots in the first place.

Entity extraction research has so far focused on clean, edited, “formal” text. Unfortunately, much of the
information of interest is in personal, “informal” text, such as email or blogs. These differ from the
Medline abstracts and Reuters news stories commonly studied in that they tend to be riddled with errors
of spelling and grammar, abbreviations, and a terseness and obliquity of reference borne of the context
shared by sender and receiver. The informal text domain has received scant study — just enough to
show that it causes the performance of existing methods to drop precipitously.

We propose to vastly improve the accuracy of entity extraction in informal text, via application of
Sandia-specific expertise in “ensemble” machine learning methods. Further, we will exploit new high-
performance computing network capabilities to permit the integrated analysis of a full conversational
thread. The potential of this approach is recognized, but scaling issues have, prior to recent Sandia
work, prevented their exploration.

By creating methods to make accurate entity extraction in informal text possible, and by leveraging
Sandia’s investments in informatics frameworks, we will deliver a system that starts with raw email or
blogs and produces high quality entity identification, suitable for search, linking, visualization, and
analysis.
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Kalman-Filtered Compressive Sensing for High-Resolution Estimation of
Anthropogenic Greenhouse Gas Emissions from Sparse Measurements at Global

Scale
151293

Year 2 of 3
Principal Investigator: J. Ray

Project Purpose:

The project seeks to develop techniques to infer the spatiotemporal distribution and dynamics of CO,
emissions and uptake (i.e., anthropogenic and biospheric fluxes, from sparse observations of CO,
concentrations). Such a characterization is critical to understanding the carbon cycle and, therefore,
predicting future climate variability and its important role in the verification of international CO,
abatement treaties and management of mitigation programs. Accurate emissions characterization
requires numerical simulations of atmospheric transport, conditioned on sparse data, with simultaneous
quantification of uncertainties. An inverse problem can be formulated to reconstruct the
location/character of CO, emissions and sequestration by minimizing the difference between
observations and predicted values, subject to other known constraints. Many technical challenges arise
however: 1) large, ill-conditioned linear systems result from sparse measurements and complex
diffusive dynamics, 2) extreme computational resources are required to address the high dimensionality
of the uncertainty space, and 3) a consistent and complete statistical framework is necessary for
characterization of uncertainty. This project addresses these issues through adaptation of novel image
reconstruction techniques, efficient data assimilation methods, multiscale algorithms, and geostatistical
Bayesian inverse methods.

We will develop Bayesian techniques to reconstruct time-variant, spatial fields from limited
measurements, by integrating concepts from compressive sensing (CS), Ensemble Kalman Filters
(EnKF), and multiscale modeling. CS exploits sparse basis sets to achieve accurate multiscale
field/image reconstruction from limited data. We will extend these approaches to dynamic fields such as
CO; emissions and uptake, and integrate these techniques with efficient data assimilation methods. To
this end, EnKF provides the necessary balance of computational efficiency and robust uncertainty
characterization, as well as an avenue to explore assimilation of multiscale observations. Our
algorithmic development will focus on supporting the CO, source flux estimation problem as a
fundamental technical capability but will be sufficiently general to be directly relevant to many
problems in science and engineering.
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Multiscale Modeling for Fluid Transport in Nanosystems
151294

Year 2 of 3
Principal Investigator: J. A. Templeton

Project Purpose:

Fluid transport processes at the nanoscale play an important part in the performance of many
nanosystems, such as Li-ion batteries, supercapacitors, and gas-phase detectors. A commonality in these
devices is that they often consist of nanoscale components (interfaces, pores, etc.) connected to a much
larger bulk reservoir system. Interaction with the bulk critically affects the performance of the
nanosystem since the same fluid exhibits different behavior at different scales via high concentration
gradients and chemical reactions. Two-way feedback between these scales is required to accurately
predict system response. For example, the high-voltage double layers that form in electrical energy
storage devices deplete the electrolytic ion concentration, thereby modifying the transport to the double
layer. Capturing this feedback is complicated because different simulation approaches are required for
the nanoscale features and the bulk flow. Atomistic simulation can model the complexity of
nanodevices, but is intractable for the bulk. Therefore, the bulk must be resolved using macroscale
simulation approaches (e.g., finite elements). New algorithms are needed to accurately account for time
dependent mass, momentum, and thermal transport between these two regions while capturing all the
physics needed for accurate device simulation, including electric fields and chemistry.
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Statistically Significant Relational Data Mining
151295

Year 2 of 3
Principal Investigator: C. A. Phillips

Project Purpose:

In many data mining applications, especially the search for “unexpected” or “significant” structure in
graph-based social information, it is difficult to specify exactly what one is seeking. For example, given
a graph where nodes represent people and edges represent relationships between people, there is general
agreement that a community is a set of nodes more connected internally than to the rest of the graph.
But no formal graph theoretic definition of connectedness seems to capture what a human perceives to
be the correct communities in all cases. Most community detection algorithms combine approximate
optimization of a metric with ad hoc statistical methods. To date, there are no rigorous ways to
determine whether an algorithm has succeeded in finding the “correct” answer in a real data set, or even
in specially constructed benchmarks. Similar questions arise in other graph-data-mining problems that
search for specific patterns, or attempt to explain (dynamic) relationships.

We will develop statistically rigorous methods for understanding and testing the significance of graph
properties and structures. These methods can be incorporated into data mining algorithms either
integrally, or as a postprocessing “acceptance” test. We will develop methods to create benchmarks for
specific data mining problems that hide a known solution without destroying it. These benchmarks
would provide confidence in algorithms’ absolute and relative performance.

Bayesian methods offer one plausible approach. Each graph problem provides unique challenges. We
must formally describe a priori domain knowledge and constraints ("prior distributions"). We must
create plausible random graph models, describing the ways a community, pattern, etc., might evolve
from these distributions. Subsequently, we must compute conditional probabilities that characterize the
most likely solutions given the structure of the input instance. Although the general methods are well
known to statisticians, they require customization to the structure of each problem. These methods have
not been applied to evaluating the correctness of efficient graph algorithms.
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Integrated Nano- and Quantum Electronic Device Simulation Toolkit
151297

Year 2 of 3
Principal Investigator: R. P. Muller

Project Purpose:

The next generation of semiconductor devices will have to confront quantum mechanical effects,
including phenomena to be avoided, like gate leakage, as well as new behavior that can be harnessed,
like entanglement. Few-electron nanodevices have been developed to use entanglement in quantum
computing and sensing beyond the traditional quantum limits, but the resulting entangled device states
are extremely sensitive to atomic-scale effects that are not traditionally considered in nanoelectronics
modeling. The community is presently without a multiscale simulation capability that appropriately
captures how atomic-scale phenomena propagate through to the mesoscale device physics.

To describe these devices, we need to enhance existing device simulators in several ways. Quantum
mechanical effects must be accounted for by solving the coupled system of the Schrodinger and Poisson
equations. Where atomic-scale effects, such as the multiple valleys in silicon, are important, tight
binding solutions for electronic wave functions are necessary for predictive simulations. Furthermore,
in systems with many-electron excited states, configuration interaction techniques are needed to
properly capture multielectron wave functions.

We are developing a suite of tools that includes Schrodinger-Poisson, tight binding, and configuration

interaction capabilities, and thereby addressing current and future issues critical to simulating quantum-
scale electronic devices.
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Control and Optimization of Open Quantum Systems for Information Processing

and Computer Security
151299

Year 2 of 3
Principal Investigator: M. Grace

Project Purpose:

The purpose of this project is to: 1) explore the fundamental limits of controlling quantum systems and
2) analyze the implications of these limits, especially in the context of quantum information processing
(QIP). Achieving the error threshold for fault-tolerant QIP is extremely difficult given device/control
fluctuations, experimental constraints, and the unavoidable coupling of a quantum computer to its
surrounding environment. Based on recent results by this team and academic/industrial collaborators,
we are developing a crucial enabling technology, namely, the ability to control and explore processes at
the atomic level, computationally, especially in the presence of uncertainty and time-dependent noise.
This work will provide a tool to guide experimentalists and theoreticians in creating practical QIP
controls and devices. During FY 2012, we developed two numerical methods to simulate time-
dependent stochastic quantum systems (SQS) efficiently, compared to simulations based on Monte
Carlo methods. These methods will be used in optimal control (OC) calculations, which require
multiple sequential simulations to achieve convergence. Monte Carlo methods for these calculations are
expensive and scale unfavorably with the dimension of SQS, hence the need for an alternative.
Combining our numerical methods and OC simulations will allow us to quantify the limits of control for
realistic SQS. Another goal of our project is to mathematically analyze the critical structure of the
quantum-control landscape for SQS (i.e., identifying the fraction of critical points corresponding to
global extrema, local extrema, and saddles). While numerical simulations produce OC solutions for
SQS, a mathematical analysis of the landscape would reveal the general underlying structure of this
control problem. Knowledge of this structure can influence profoundly the choice of algorithms used to
locate OCs and the design of quantum technologies.
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On Strongly Coupled Partitioned Schemes for Solving Fluid-Structure Interaction
Problems using High-Order Finite Element Models Based on Minimization

Principles
151383

Year 2 of 2
Principal Investigator: J. D. Thomas

Project Purpose:

High-order formulations for solving fluid-structure interaction problems using the finite element method
will be developed and implemented. The CO Lagrange type, higher-order, spectral finite elements will
be employed for all numerical discretizations. The solid will be modeled using a finite strain St. Venant
Kirchhoff constitutive model; likewise, the laminar fluid will be described by the incompressible
Navier-Stokes equations. The use of a single high-order numerical framework, namely the finite
element method, will allow for enhanced compatibility and accuracy in the physical coupling of the fluid
and structure. In the interest of achieving an ideal variational setting for the numerical formulation, all
finite element models will be constructed using minimization principles. The solid mechanics problem
will be discretized using traditional weak formulations while least-squares finite element models will be
employed for the viscous fluid. Least-squares formulations will naturally avoid shortcomings associated
with weak formulations of the Navier-Stokes equations, such as the inf-sup condition and the need for
numerical upwinding. The viscous flow equations will be expressed with respect to an arbitrary
Lagrangian-Eulerian reference frame, thus allowing for the use of a fluid mesh that evolves with time.
Motion of the fluid mesh will be achieved through the use of standard pseudo-elasticity procedures.
Strong coupling between the fluid and solid will be enforced using implicit strongly coupled partitioned
procedures. Various relaxation, prediction and approximate Newton methods will be employed in the
context of the partitioned approach. The Schur complement method will be used to condense out all
element level interior nodes from the global set of finite element equations. Overall performance of the
numerical formulations will be assessed by solving benchmark problems of particular interest to Sandia.
The work is in collaboration with Texas A&M University.

Summary of Accomplishments:

We consider the application of high-order spectral/hp finite element technology to the numerical
solution of boundary-value problems arising in the fields of fluid and solid mechanics. For many
problems in these areas, high-order finite element procedures offer many theoretical and practical
computational advantages over the low-order finite element technologies that have come to dominate
much of the academic research and commercial software of the last several decades. Most notably, we
may avoid various forms of locking which, without suitable stabilization, often plague low-order least-
squares finite element models of incompressible viscous fluids as well as weak-form Galerkin finite
element models of elastic and inelastic structures.

The research documented in this project includes applications of spectral/hp finite element technology to
an analysis of the roles played by the linearization and minimization operators in least-squares finite
element models of nonlinear boundary-value problems, a novel least-squares finite element model of the
incompressible Navier-Stokes equations with improved local mass conservation, weak-form Galerkin
finite element models of viscoelastic beams and a high-order, seven parameter continuum shell element
for the numerical simulation of the fully geometrically nonlinear mechanical response of isotropic,
laminated composite and functionally graded elastic shell structures. In addition, we also present a
simple and efficient sparse global finite element coefficient matrix assembly operator that may be
readily parallelized for use on shared memory systems. We demonstrate, through the numerical
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simulation of carefully chosen benchmark problems, that the finite element formulations are efficient,
reliable and insensitive to all forms of numerical locking and element geometric distortions.

Significance:

In this project, we have presented finite element formulations for fluid and solid mechanics problems
using high-order spectral/hp finite element technology. Our primary objective has been to adopt novel
mathematical models and innovative discretization procedures wherein the additional benefits of
employing high-order spectral/hp finite element technology are pronounced. We find that for many
such problem sets, high-order finite element procedures offer the prospect of highly accurate numerical
solutions that are completely devoid of all forms of locking. As a result ad-hoc tricks (e.g., reduced
integration and/or mixed interpolation) required to stabilize low-order finite element formulations are
unnecessary. Solutions of such problems have application in various areas of interest to DOE/NNSA
and DHS.

Refereed Communications:

V.P. Vallala, G.S. Payette, and J.N. Reddy, “A Spectral/hp Nonlinear Finite Element Analysis of
Higher-Order Beam Theory with Viscoelasticity,” International Journal of Applied Mechanics, vol. 4,
March 2012.

G. S. Payette, K.B. Nakshatrala, and J.N. Reddy, “On the Performance of High-Order Finite Elements

with Respect to Maximum Principles and the Nonnegative Constraint for Diffusion-Type Equations,”
International Journal for Numerical Methods in Engineering, vol. 91, pp. 742-771, May 2012.
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Modeling Reactive Transport in Deformable Porous Media using the Theory of

Interacting Continua
152507

Year 2 of 2
Principal Investigator: D. Z. Turner

Project Purpose:

Recent reports illustrate growing international interest in using carbon-dioxide (CO,) sequestration in
geological formations to reduce greenhouse emissions. If implemented on the scale needed to make
noticeable reductions in atmospheric CO,, a billion metric tons or more must be sequestered annually (a
250-fold increase over today’s amount). Unfortunately, existing simulation codes lack robust
capabilities for modeling these problems. In addition, a number of other problems of critical interest to
the DOE and Sandia, including long-time storage of nuclear waste, seepage of contaminants, and
pyrotechnics, allude to the paramount need for robust numerical methods for reactive transport in
deformable porous media.

The research is guided by the following hypothesis: a treatment of reactive transport in deformable
porous media using the Theory of Interacting Continua and from a differential algebraic equation (DAE)
perspective, with an emphasis on stability, accuracy and efficiency, will enable tremendous capabilities
for solving complex fluid-solid-chemical interaction problems of particular national interest. As
opposed to existing methods, which treat the underlying equations exclusively as ordinary differential
equations (ODEs), we are employing numerical techniques from the DAE literature that respect the
stability and order-of-accuracy of DAE solvers, which are not addressed by standard ODE-based
solvers. Furthermore, existing approaches for fluid-solid interaction (FSI) assume that the fluid and solid
occupy separate distinct domains interacting only at a global-scale interface. This class of methods is
not applicable for transport in deformable porous media because in these problems the fluid and solid
essentially occupy the same domain (the flow occurs inside the void space of the solid). To address the
coincident nature of these problems, we will use the Theory of Interacting Continua, which homogenizes
both constituents, allowing them to co-occupy the domain occupied by the mixture. This approach will
lead to broad application in a wide variety of important problems.

Summary of Accomplishments:

In this project, we have developed a computational methodology for analyzing engineering problems
involving flow-induced damage of porous materials using a mixture theory-like approach. The
numerical formulation involved coupling two simultaneous simulations that track chemical reactions,
flow characteristics, and damage evolution. The formulation was demonstrated for a wide variety of
problems including carbon dioxide sequestration, hydraulic fracturing, and energetic materials. We
showed the types of problems this methodology is appropriate for and demonstrated its features. We
developed a technology able to address many of the needs not currently met by existing methodologies.

Significance:

The ultimate goal of this research is to address a number of engineering problems of national interest
that depend critically on the ability to model flow-induced damage of porous materials. The research
reported herein has DOE-relevant applications in geologic sequestration of anthropogenic carbon
dioxide, ignition processes for energetic materials, and prediction of crack pervasiveness and
hydrocarbon yields for hydraulic fracturing.
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Automated Exploration of the Mechanism of Elementary Reactions
153342

Year 2 of 2
Principal Investigator: J. Zador

Project Purpose:

Optimization of new transportation fuels and engine technologies requires characterization of the
combustion chemistry of a wide range of fuel classes. Theoretical studies of elementary reactions, the
building blocks of complex reaction mechanisms, are essential to accurately predict important
combustion processes such as autoignition of biofuels. The current bottleneck for these calculations is a
user-intensive exploration of the underlying potential energy surface (PES), which relies on the
“chemical intuition” of the scientist to propose initial guesses for the relevant chemical configurations.
For newly emerging fuels, this approach cripples the rate of progress because of the system size.
Developing the necessary computational tools for an automated stationary point search that also
interfaces to our already existing chemical kinetic tools will represent a game-changing advance that
addresses the critical path on the development of key elementary reaction mechanisms necessary for the
optimization of new fuels for the 21st century, in line with the energy mission area of Sandia.

Published methods for automated identification of relevant chemical structures are computationally
expensive due to their general nature. Also, these methods do not take advantage of the large body of
chemical knowledge (i.e., the approximate structures that are relevant can be predicted or are known for
the majority of the reactions). The problem that researchers in theoretical chemical kinetics often face is
not the proposal of a new chemical pathway, but rather the actual execution of the related calculation,
which currently requires a significant quantity of human interaction.

The algorithm incorporates a fundamentally new approach by integrating chemical knowledge in the
code and will significantly accelerate and almost completely automate the exploration of the possible
pathways in elementary reactions relevant to combustion. Efficient exploration of these high-
dimensional spaces involves significant algorithmic and computational challenges, requiring the
combination of state-of-the-art tools of various research areas.

Summary of Accomplishments:

We created software named KinBot that enables the automated search in elementary reaction kinetics.
Currently already a handful of very general reaction types are implemented, and we have shown that our
approach is efficient and feasible. For the current 1.0 version of the code, we focused on the chemistry
that occurs during low-temperature autoignition processes, which represents a wide variety of chemical
transformations, playing a role also in atmospheric chemistry. The code will be continuously extended
by new formal reaction types, but already covers a wide variety of chemistry. KinBot is a parallel C
code, which combines a growing network approach with a chemistry-based method. It has been
successfully applied to several chemical systems under current investigation.
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Significance:

Dependence of fossil and other fuels is a topic of national interest and one germane to the energy
missions of Sandia and DOE. One way to reduce this dependence is to burn fossil fuels more efficiently
and/or add alternative fuels to the stream. Currently, our ability to achieve these goals is hindered by the
vast variety of chemical compositions, especially in fuels derived from biological sources. Modern
(clean and efficient) engine technologies operating under lean conditions show a much larger sensitivity
to chemical kinetics, and require a detailed characterization of the chemistry at the molecular level. Our
effort contributes to this overall goal by significantly accelerating current computations.
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MultiPhysics Modeling of Environmentally Activated Network Polymers
153890

Year 2 of 2
Principal Investigator: K. N. Long

Project Purpose:

Environmentally activated polymers (EAP) exhibit complex mechanical behavior in response to external
stimuli such as exposure to light at specified wavelengths or to temperature change within the material.
These environmental-mechanical couplings make possible “smart” EAP applications including: 1)
thermally removable encapsulation for electronics packaging, 2) photo-activated flaw mitigation in
polymer structures, and 3) thermally or photomechanically generated surface patterns for microfluidics
and sensors.

However, the state of the art for many EAP systems is limited to simple characterization and
demonstration experiments, which are inadequate to describe their environmental-mechanical behaviors
in sophisticated, application-oriented settings. Therefore, the critical scientific need to enable use of
EAPs is the development of theoretical and computational tools necessary to guide EAP design efforts.

This project endeavors to address that need by formulating mechanistically driven, continuum-scale,
multiphysics material models that will be implemented into the SIERRA Mechanics finite element
architecture for two EAPs activated by thermal and photo stimuli respectively. There are several
challenges to achieve these endeavors. Modeling photo and thermal chemistry and their couplings to the
microstructural evolution of polymer networks is difficult. It is also challenging to determine how such
changes are coupled with the continuum mechanical response. Investigating these issues will be useful
in future material modeling efforts at Sandia along with the material models, which can be used as
needed in future projects.

Summary of Accomplishments:
The project naturally divided into modeling photochemically and thermal-chemically responsive
polymers.

Our goal, with respect to photochemically responsive polymers, was to explore and control the folding
of polymer sheets with light. We labeled this process photo-origami. We were motivated both to
demonstrate new capabilities as well as to examine a system potentially useful in novel sensing and
actuation scenarios. We used simulations to design multiple step mechanical deformation and photo-
masked irradiation protocols to generate complex 3D shapes such as a heart and a box and then realized
such shapes experimentally. We also examined using photomechanical protocols to develop and control
elastic instabilities in responsive polymer films. Our models successfully predicted experimental results
from many different photomechanical scenarios.

Our goal, with respect to the thermal-chemically responsive network polymers, was to develop a
thermal-chemical-mechanical constitutive model, validate it against data in the literature, and examine
the difference in behavior between these materials and conventional network polymers. We successfully
generated a constitutive model, implemented it into Sierra/SM, and successfully predicted the time and
temperature dependent response of this polymer with data in the literature. We examined scenarios in
which these materials differed in behavior compared with conventional network polymers. Two key
results came out of these efforts:

1) under thermal-mechanical cycling, thermal-chemically-responsive polymers will show substantially
different behavior from conventional network polymers if the glass transition is below the temperature
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range of the thermal cycle. Under such conditions, the permanent shape of the thermal-chemically
responsive polymer will change rapidly and relieve the state of stress. This result has important
ramifications in encapsulation and 2) thermal-chemically responsive polymers can be annealed so that
the residual stress state can be controlled.

Significance:

The development and validation of photo-chemical-mechanically responsive network polymers to
enable photo-origami marks advancements in multiphysics constitutive modeling, as well as in the
design and use of light-activated polymers.

The development of a constitutive model for thermal-chemically responsive network polymers enables
the prediction of the physical aging behavior of materials, that are of great interest to NNSA. This model
constitutes a new predictive capability. The results from this project outlined the circumstances in
which these materials differ substantially from conventional network polymers and, therefore, indicate
when this new capability should be used.

Refereed Communications:

J. Ryu, M. D’ Amato, X. Cui, K.N. Long, H. J. Qi, and M.L. Dunn, “Photo-Origami-Bending and
Folding Polymers with Light”, Applied Physics Letters, vol. 100, p. 161908, 2012.

60



Sandia National Laboratories 2012 LDRD Annual Report

Combinatorial Optimization with Demands
154002

Year 2 of 2
Principal Investigator: O. D. Parekh

Project Purpose:

In many practical discrete optimization and resource allocation scenarios, commodities such as
bandwidth are discounted when purchased in bulk and piping and cabling may only be available in a
small number of types of varying capacity and cost. Such scenarios result in a nonlinear relationship
between cost and capacity, which may be modeled infusing traditional combinatorial optimization
models with a feature called demands. Thus, the challenge is to design algorithms for models endowed
with demands while leveraging the rich and immense mathematical infrastructure developed for
traditional linear and discrete optimization. Even without considering economies of scale or demands,
most of the underlying problems we consider are already NP-hard (nondeterministic polynomial time)
— a means of mitigating this is designing an approximation algorithm, an efficient heuristic algorithm
that provably produces a high-quality solution.

We are developing approximation algorithms for resource allocation problems that exhibit economies of
scale and are modeled using demands. We aim to accomplish this by generalizing a celebrated
technique called iterative rounding that has been instrumental in resolving several open problems since
its inception late last decade. While iterative rounding is difficult to adapt to the types of resource
allocation problems we consider, even without economies of scale, our method is designed to handle
these hurdles while retaining many of the elegant properties of iterated rounding. In addition, we seek to
unearth deeper connections between well-understood discrete optimization problems and their
significantly more complex demand-endowed counterparts. We expect that such insights will generally
help us better understand and model the latter, which are frequently encountered in different application-
oriented contexts. A particularly powerful feature of our method is that it implicitly produces a diverse
collection of near-optimal solutions, which is useful for uncertain or multiple objective functions.

Summary of Accomplishments:

Our most significant contribution is devising a new framework called iterative packing that offers a
unified approach for designing approximation algorithms for packing type resource allocation problems.
A decade-old breakthrough called iterative rounding has been instrumental in elegantly resolving several
open problems. Iterative rounding is remarkable in that it is a conceptually simple idea that has been
able to succeed where much more intricate approaches have failed; however, iterative rounding only
applies to a class of problems called covering problems. Our iterative packing framework is the first
unified approach to offer many of the advantages of iterative rounding in the context of packing and
resource allocation problems. In particular, iterative packing results in simple algorithms with excellent
worst-case performance guarantees.

We were extremely successful in leveraging iterative packing to construct new approximation
algorithms with significantly improved performance guarantees for several packing problems.
Moreover, we proved mathematically that the performance guarantees offered by our algorithms match a
well-known and natural bound, hence our algorithms are likely close to best possible. By exhibiting
such algorithms, we have resolved an open problem in the field.

61



Enable Predictive Simulation

Significance:

Resource allocation problems are abundant in applications of national interest, and more accurately
modeling economies of scale could have an impact on national security missions and applications for
diverse federal agencies. Our new iterative packing framework offers the potential of simple and
improved algorithms for such resource allocation problems. Furthermore, the framework may readily be
integrated into integer programming solvers such as Sandia's Parallel Integer and Combinatorial
Optimizer (PICO) solver.

Refereed Communications:

R.D. Carr and O. Parekh, “Approximating a Capacitated 2-Edge-Connected Spanning Subgraph
Problem,” to be published in Operations Research Letters.
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Improved Performance and Robustness of Scalable Quantum Computing
154059

Year 2 of 2
Principal Investigator: C. Brif

Project Purpose:

Quantum information science and technology (QIST) hold the promise of revolutionizing computer
science and physics. Of particular importance is the potential capability of a quantum computer (QC) to
efficiently solve problems that are believed to be intractable on a classical computer. However,
significant outstanding challenges exist, such as implementation of scalable quantum computing
systems. While few-qubit operations have been demonstrated, realization of a scalable multi-qubit QC
has proven elusive. At the heart of this challenge is the problem of robustness of QCs to control noise.
External controls are necessary to enact quantum logic operations and inevitable control fluctuations
result in gate errors in realistic QCs. Characterizing the control noise effect on the QC performance and
developing robust control strategies for scalable multi-qubit architectures is crucial for advancement of
practical quantum computing.

Building on our expertise in control and optimization of quantum information systems, we are
developing powerful analytical methods and numerical optimization tools necessary for exploring and
enhancing the robustness of realistic multi-qubit QCs to control noise. A critical open question is how
the noise-induced errors scale with the QC size in the presence of unwanted inter-qubit couplings. The
robustness analysis will utilize properties of the quantum control landscape that relates the physical
objective (the quantum computation fidelity) to the applied controls. Optimal controls with enhanced
robustness will be identified by using two complementary approaches: 1) landscape characterization in
the vicinity of the optimal control manifold and 2) multi-objective optimization that explicitly
incorporates the requirement of high robustness. The proposed research will aim at developing a crucial
enabling technology, namely, the ability to assess and improve the performance of scalable quantum
computing in the presence of control noise; thereby, advancing Sandia's overall efforts in critical areas
of QIST.

Summary of Accomplishments:

In this project, we formulated the problem of robust control of quantum gates in the presence of random
noise and expressed the dependence of the expected gate fidelity on noise characteristics. Specifically,
we employed a perturbative method to obtain an approximate result for the statistical expectation value
of the gate fidelity in the presence of weak, random noise in control fields. We used extensive
numerical simulations to demonstrate that this approximate result is in excellent agreement with direct
Monte Carlo averaging over noise process realizations for fidelity values relevant for practical quantum
computing. The developed formalism provides a very efficient way to evaluate the expected gate error
for any given noise model. In particular, for white noise, we evaluated the expected gate fidelity
analytically and discovered that maximizing the robustness to additive/multiplicative white noise is
equivalent to minimizing the total control time/fluence. Since there exist minimum time and minimum
fluence required to reach the target quantum transformation, this discovery establishes a direct
relationship between the target reachability and robustness to white noise in quantum computing
systems. These results were used to estimate how errors induced by white noise in multi-qubit gates
scale with respect to the number of qubits. Finally, the approximate method developed in this project is
essential for efficiently optimizing the robustness of quantum gates to weak colored noise. We
employed stochastic and gradient-based optimization algorithms to identify control fields that exhibit
maximum robustness to practically relevant random noise processes. In particular, we demonstrated that
the degree of robustness improvement achieved by the optimization increases with the noise correlation
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time. The powerful analytical and numerical tools developed in this project for assessing and optimizing
the robustness to control noise are expected to be of great value for improving the performance of
scalable quantum computing systems in the laboratory.

Significance:

This project is strongly related to the Cybersecurity Protection program of the DOE National Security
efforts, which calls for new technology to “preserve the integrity, reliability, availability, and
confidentiality of important information.” Quantum computing has the potential to radically alter the
character of cybersecurity problems, which makes the results of the project highly relevant to the long-
term aspects of the National Cybersecurity Division of the DHS. The project addresses some of the
most critical challenges facing the development of scalable quantum computers and thus is likely to
have a significant impact on quantum information science and technology.

Refereed Communications:

K.W. Moore, C. Brif, M.D. Grace, A. Donovan, D.L. Hocker, T.-S. Ho, R.B. Wu, and H. Rabitz,
“Exploring the Tradeoff between Fidelity and Time Optimal Control of Quantum Unitary
Transformations,” Physical Review A, vol. 86, p. 062309, December 2012.
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A Geometrically Explicit Approach to Adaptive Remeshing for Robust Fracture

Evolution Modeling
154317

Year 2 of 2
Principal Investigator: M. Veilleux

Project Purpose:

The purpose of this project is to develop a high-fidelity, geometrically accurate approach to modeling
fracture. However, analysts cannot adequately predict failure propagation, or uncertainty thereof, using
common modeling approaches. Such approaches typically reduce model complexity at the cost of
physical fidelity by smearing crack behavior or limiting crack locations to mesh dependent paths.

Here, we seek to model the cause and uncertainty of failure by explicitly representing fracture (i.e.,
arbitrarily nonplanar evolution of geometrical facets [fracture surfaces] driven by nonuniform load
distribution and resisted by heterogeneous material toughness). The primary focus is on accurate
geometrical representation of fracture through local topology and mesh adaptation. However, to
facilitate accurate physical representation, we propose to address other challenging research topics in
fracture (e.g., material bifurcation; nonlocal regularization; and mapping history-dependent variables).

Although geometrically explicit fracture representation has been commonplace for over twenty years,
computational and algorithmic demands have stalled extension of such approaches to complex crack
evolution processes. Adaptive crack insertion and propagation routines are not available in current
production codes, and such routines in research codes are generally limited to linear elastic fracture
mechanics and well-behaved elastic-plastic fracture mechanics applications that rely on criteria and do
not model failure process evolution.

We are combining knowledge in adaptive crack modeling and meshing with the high-performance
computational capabilities at Sandia to bring to fruition the extensive rewards of geometrically explicit
modeling of arbitrarily nonuniform fracture evolution. The approach is applicable for multiple length
scales and fracture mechanisms, but, for proof of concept, this study focuses on representing macroscale
ductile fracture.

Summary of Accomplishments:
We achieved significant accomplishments for all research goals of this project:

Goal 1: Develop crack geometry and mesh representation capability

1. We created a semi-automated, user-ready scripting interface between FRANC3D (geometric fracture
representation code) and ExoduslI (finite element database).

2. We demonstrated the ability to represent geometries of arbitrarily nonplanar cracks as they nucleate
and propagate.

3. We demonstrated the ability to remesh for arbitrarily nonplanar crack evolution using linear,
quadratic, or composite tetrahedral elements.

Goal 2: Model crack nucleation and propagation

1. We determined that Sandia’s codes for mapping history-dependent analysis variables were not
designed for the geometry adaptions and element types required by our crack modeling approach.

2. Since variable mapping is a necessity for our approach, we developed a new mapping code that
addresses the complexities of geometrically modeling ductile fracture, e.g., sharp stress gradients
and large deformations.
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For the full suite of element types available to solid mechanics modelers at Sandia, we demonstrated
our new code’s ability to map fields and restart analyses for problems with element field gradients
and large deformations.

We outlined future research and development activities intended for improving mapping capabilities,
especially for accurate mapping of near-crack fields.

We extended and demonstrated the capabilities of the FRANC3D scripting interface to read
displacement fields during an analysis so that crack tip displacements can be measured for the
prediction of crack growth.

We modeled well-known crack growth patterns for tensile and shear loads in a pre-cracked, 3D
plate, and we demonstrated the ability to represent cracks for a user application: fracture in glass-to-
metal seals.

Significance:
For the science and engineering community, including the technical workforce, this project resulted in a
fracture modeling capability that:

1.
2.

Reduces the dependence of crack paths on the numerics.

Leverages ongoing research in the fracture community, such as regularization methods and physics-
informed damage modeling.

Encourages new research in related topics, such as variable mapping and geometrically explicit
crack representation at multiple length scales.

This work supports the DOE national security mission to ensure the safety and integrity of nuclear
weapons.
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Clustered Void Growth in Ductile Metals
154568

Year 2 of 2
Principal Investigator: T. D. Kostka

Project Purpose:
Since ductile metals generally fail though the nucleation, growth and coalescence of voids, it is essential
that we understand this phenomenon in order to better predict failure in these materials.

Using a developed research code, we are examining at the problem of clustered void growth in ductile
metals by investigating and identifying important microstructural configurations and attributes that
accelerate or delay the formation and growth of voids and macroscopic material failure. In parallel to
this, we wish to have these capabilities implemented into the SIERRA implicit dynamics code, Adagio.
The first year of this project has been focused on researching clustered void growth with current
capabilities and implementing the HEX20 element and a far-field traction-based boundary condition into
SIERRA.

In the second year, we are able to validate the implemented features against analytical solutions and a
current research code. We then transition away from the research code and explore clustered void
growth for much larger problems by using parallel processing capabilities of SIERRA.

We will be creating a deeper understanding of clustered void growth under varying triaxiality, which
will be instrumental in creating new void growth and predictive failure models. These results will be
contrasted against those of dilute void growth to show the similarities and limitations of the dilute
assumption.

Running large scale, representative three-dimensional clustered void growth simulations will put us at
the forefront of modeling fracture surface.

Summary of Accomplishments:

1. We have performed a suite of tests looking at the effect of porosity on the macroscopic yield stress
of the material in a plane strain framework. Results have shown the orientation of voids to have a
large effect on the yield stress.

2. Preliminary simulations of a periodic 3D void microstructure are given along with the meshing
procedure. Results show less void interaction as compared to the 2D case.

3. Development and implementation of an anisotropic plasticity model is detailed. The model is used
to replicate anisotropic necking seen in a tensile bar experimentally tested to failure.

4. We have shown efficiency gains of 84% of a 2D solution framework compared the standard 3D
framework.

5. We investigated a large number of element formulations and have shown the q1p0 element
(selectively integrated hex8) to outperform all others in the context of large deformation plasticity
simulations.

6. The implementation of the q1p0 element into SIERRA is provided along with results of verification
and performance investigations.
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Significance:

The void growth simulations allow the potential for improving our current void growth models to better
replicate the response. Implementation of the q1p0 element enhances our predictive capabilities for
ductile deformation. Development of the anisotropic plasticity model shows that we can model
anisotropic response in ductile metals that we see in experimental results. Applications of this work
potentially occur in the homeland security (DHS) area of infrastructure as well as in DOE low-carbon
energy architectures such as in wind turbines.
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Interface-Tracking Hydrodynamic Model for Droplet Electrocoalescence
155327

Year 2 of 3
Principal Investigator: L. C. Erickson

Project Purpose:

Many fluid-based technologies rely on electrical fields to control the motion of droplets (e.g.,
microfluidic devices for high-speed sorting of water droplets in oil or for purifying biodiesel fuel).
Precise control over droplets is crucial for these applications. However, electric fields can induce
complex and unpredictable fluid dynamics. For example, oppositely charged water drops immersed in
silicon oil experience attractive forces that would favor their coalescence. Recent experiments with
high-speed cameras demonstrate the counterintuitive behavior that these oppositely charged droplets
bounce rather than coalesce in the presence of strong electric fields. A transient aqueous bridge forms
between approaching drops prior to pinch-off. This observation applies to many types of fluids, but
neither theory nor experiments have been able to offer a satisfactory explanation. Analytic
hydrodynamic approximations for interfaces become invalid near coalescence; therefore, detailed
numerical simulations are necessary. This is a computationally challenging problem that involves
tracking a moving interface and solving complex multiphysics and multiscale dynamics, which are
beyond the capabilities of present simulations. An interface-tracking model for electro-coalescence can
provide a new perspective to a variety of applications in which interfacial physics are coupled with
electrodynamics, including electro-osmosis, fabrication of microelectronics, fuel atomization, oil
dehydration, nuclear waste reprocessing, and solution separation for chemical detectors.

Accurate and stable interface-tracking methods capable of capturing and predicting coalescence and
break-up of interfaces are currently a major challenge in the computational science community.
Including electric forces poses a further challenge due to the complexity of electrostatic and
hydrodynamic interactions involved in coalescence, requiring a novel modeling approach to understand
this phenomenon. This project will entail the creation of an interface-tracking model using the
advantages of the Conformal Decomposition Finite Element Method with the capability to reproduce
experiments, make predictions for future experiments, and answer questions about the physics of this
phenomenon that are not experimentally accessible.
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Automated Generation of Spatially Varying Stochastic Expansions for Embedded

Uncertainty Quantification
155551

Year 2 of 3
Principal Investigator: E. C. Cyr

Project Purpose:

Uncertainty quantification (UQ) is increasingly recognized as necessary to assess the effect of variability
of input parameters on a physical model. For phenomena described by systems of partial differential
equations (PDEs), the variability is derived from coefficients, boundary conditions, or forcing terms,
which are all modeled by a random variable with a particular distribution or a range of possible values.
The result is a PDE that has a stochastic solution that reflects the variation in the input.

Current UQ methods like stochastic collocation or Monte-Carlo sampling approximate the stochastic
solution by treating the required resolution of the uncertainty as uniform across the physical domain. To
understand the consequence of this, consider a convection dominated flow where uncertainty is injected
at a point in the domain. Only the solution downstream of the injection point will be affected by the
uncertainty. The upstream solution will be fully defined by the deterministic PDE. Modern UQ
methods would approximate both the upstream and downstream solutions with the same resolution. But,
this wastes computational resources on the upstream solution and may under-resolve the solution
downstream. For more realistic multiphysics applications that are characterized by a range of time and
spatial scales, the required degree of resolution of the stochastic solution across the physical domain is
an open question.

The research hypothesizes that the solution is more efficiently and accurately approximated by varying
the resolution of the stochastic expansion across the spatial domain. Furthermore, using embedded UQ
technology, the expansion can be constructed using adjoint-based error estimation and refinement. The
potential benefit is two-fold. First, any investigation into the spatially varying resolution requirements
of the stochastic solution represents novel research that will shed light on the nature of uncertainty in
PDE systems. Second, an adaptive refinement algorithm would better utilize computational resources
enabling simulation of larger, more complex physical systems, revealing greater insights into more
challenging physics.
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Softening Behavior of Post-Damage Quasi-Brittle Porous Materials
155798

Year 2 of 3
Principal Investigator: T. J. Fuller

Project Purpose:

The state of the art in structural failure modeling enables assessment of crack initiation and propagation,
and progression to tearing, in many materials. Vulnerability assessments, and other applications (i.e.,
ceramic component manufacturing) suggest a need to track material behavior through failure, to the
point of fragmentation and beyond. This field of research is made particularly challenging for structures
made of porous quasi-brittle materials such as concrete, ceramics, rock, etc. These structures, when
excessively loaded, will damage, soften, and eventually fail according to physical processes operating at
comparatively large timescales in comparison to the initiating event. This project will develop
constitutive models and associated numerical techniques suitable for capturing quasistatic softening,
with experimental validation. This will be performed within the SIERRA Mechanics framework, but
will be extensible to other formats.

The core of this research is the development of a softening model applicable to quasistatic loading that
couples the constitutive response with that of the host finite element code by “shedding” load from
highly stressed and softened elements to adjacent elements such that equilibrium is maintained at each
load step, as required by the implicit solvers used in quasi-static analysis. The proposed stress shedding
scheme has previously been attempted with some success in applications involving the softening of
ductile materials, but has never been adapted to brittle materials. This method also differs from
softening methods employed in explicit dynamic calculations in which softening is allowed to progress
without respect to equilibrium. The challenge lies in the transition from an initial high-rate transient
damage event (blast or impact) to more slowly evolving damage occurring over much longer timescales
of interest in geomechanical analysis. Although this capability is potentially useful to many
applications, it arises from a growing interest in blast and impact induced damage associated with DHS
applications, as well as engineered subsurface reservoirs supporting future energy security.
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New Methods of Uncertainty Quantification for Mixed Discrete-Continuous

Variable Models
156158

Year 2 of 3
Principal Investigator: L. E. Bauman

Project Purpose:

The scale and complexity of problems such as designing power grids or planning for climate change is
growing rapidly, driving the development of complicated computer models that incorporate both
continuous and discrete data. Both the models and the data are uncertain. Uncertainty quantification
(UQ) provides the underpinnings necessary to establish confidence in these models and their use to
support risk-informed decision making. However, there are only a few approaches for mixed discrete-
continuous variable models, and these become obsolete when there are multiple discrete variables or
when the discrete variables are completely non-numeric. Therefore, researchers focus on the uncertainty
in their particular problem taking advantage of symmetries, simplifications or structures. For example,
uncertainty propagation in certain dynamical systems can be efficiently carried out after various
decomposition steps. By combining some ideas from statistical genetics and computer experiments, we
will develop a new method for performing UQ for mixed discrete-continuous models. We will focus on
two general classes of problems: moderate scale problems (model choices) with a modest number of
discrete variables and large-scale problems where the discrete parameter space may be larger than the
continuous one (repeated units).

In classical biometrics when heritabilities are estimated, the aggregate effects of unobserved discrete
genotypes are modeled as additive, continuous random variables. In computer experiments, one
approach is to treat the deterministic output of a simulator as the sum of a fixed function and a random
process. We will combine these approaches to create a new way to treat discrete variables in mixed
variable problems. The key concept is to aggregate and transform the discrete variables into a
continuous probabilistic variable, also leading to potential new capabilities for handling high
dimensions.

This method will provide a new tool for UQ, which is focused on efficient estimation of the cumulative
distribution function (cdf) of possible output function values given the uncertain input values.
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Developing Highly Scalable Fluid Solvers for Enabling Multiphysics Simulation
156251

Year 2 of 3
Principal Investigator: J. Clausen

Project Purpose:

Computing hardware is trending towards distributed, massively parallel architectures in order to achieve
high computational throughput. For example, Cielo will use 43,104 cores and Intrepid at Argonne
National Laboratory uses 163,840 cores. Next-generation machines will continue this trend, with
Sequoia at Lawrence Livermore National Laboratory using 1.6 million cores. This project is developing
a fluid simulation algorithm based on artificial compressibility (AC) that is capable of scaling on
massively parallel architectures.

Traditional incompressible-flow solvers are based on the incompressible Navier-Stokes (NS) equations,
in which the continuity equation acts as a constraint imposing a divergence-free velocity field. In this
case, no direct coupling of pressure to velocity exists requiring an implicit solution. The fully coupled
finite element (FE) schemes currently used at Sandia scale to only O(100) processor cores. As an
alternative, fractional step (FS) methods such as the popular pressure correction method gain some
scalability; however, they must still solve a Poisson equation for the pressure field, which creates a high
communication load between processors resulting in poor scalability at O(10,000) processors. An
explicit FE method based on AC will allow for a local update procedure resulting in excellent scalability
on O(100,000) processors; however, as originally formulated, the AC method shows transient errors that
must be addressed. The proposed solution uses a recently derived reformulation of the NS equations to
eliminate these errors while retaining an explicit formulation.

Despite the uncertainties, the benefits of a scalable fluid solver will impact several areas at Sandia. This
impact is most important in problems where high temporal resolution is required; for example,
suspension and emulsion flows, thermal convective flows, melt flows, and fluid-structure interaction. If
successful, this project will deliver a fluid solver capable of scaling with Sandia’s increasingly parallel
computational resources.
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Simulation of Primary Fuel Atomization Processes at Subcritical Pressures
156703

Year 2 of 3
Principal Investigator: M. Arienti

Project Purpose:

The purpose of the project is to explore the fuel subcritical behavior in the liquid core and dense spray
regions in injector devices. It is numerical in nature and provides an improved understanding of the very
early stages of spray formation (primary atomization), as well as the capability to guide future
experiments and diagnostics development by high-fidelity, high-performance simulations. Currently,
external (with respect to the injection nozzle) simulations of primary atomization are carried out for the
most part with simplified inlet conditions. Improving over this limitation, one of the major
achievements in FY 2012 was to develop a simulation capability where internal and external flow are
seamlessly calculated across the injection hole using the combined level-set volume-of-fluid (CLSVOF)
method for the free liquid surface and a second level-set function y for the solid wall boundary. The
computational mesh is Cartesian and block-structured; therefore, a grid cell belongs to the physical flow
domain if y> 0. Cells that are near the wall boundary, but outside of the flow domain, form a narrow
band of ghost cells where velocity boundary conditions are assigned. Assuming no cavitation,
validation was carried out with an experiment using a scaled-up, transparent, six-hole Diesel nozzle
where the velocity field was measured along the injection hole. Flow field features appearing just
before the fuel exits into the combustion chamber could be highlighted, and their impact on spray
characteristics was carefully studied. The same approach proved useful to simulate the motion of the
injector needle — an essential element in understanding the transient dynamics of Diesel injection.
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Multilevel Summation Methods for Efficient Evaluation of Long-Range Pairwise

Interactions in Atomistic and Coarse-Grained Molecular Simulation
157688

Year 2 of 3
Principal Investigator: S. D. Bond

Project Purpose:

The availability of efficient algorithms for long-range pairwise interactions is central to the success of
numerous applications, ranging in scale from atomic-level modeling of materials to astrophysics.
Molecular dynamics (MD), in particular, can require months of supercomputer time, due to the expense
of the large number of force evaluations required. The challenge is to design reliable, efficient, portable,
scalable algorithms for calculating long-range interactions in large systems. Scalability and portability
are of particular concern for modern exascale supercomputers with hybrid architectures and massive
numbers of processors.

A diverse set of methods has evolved for rapid approximation of long-range interactions, including fast-
multipole methods and Fourier-based particle-mesh Ewald methods. Multipole methods excel when
applied to systems with large variations in density (e.g., astrophysics), but have generally been
considered less competitive for more uniform systems (e.g., molecular dynamics). As a result, state-of-
the-art MD codes like NAMD and LAMMPS, use particle-mesh Ewald.

Due to the use of the Fast Fourier Transform (FFT), particle-mesh Ewald methods do not scale well as
the system size is increased, with a computational cost proportional to N log N, where N is the number
of atoms. The FFT also has a large communication overhead, due to the parallel scalability problems
associated with the matrix transpose.

This project is focusing on the development and analysis of the multilevel summation method (MSM),
which is a relatively new algorithm for computing pairwise interactions. Compared to particle-mesh
Ewald methods, the MSM is lesser known, with the first MD studies appearing within the last five years.
Preliminary studies have found that it has a computation cost proportional to N, rather than N log N, and
relatively low communication overhead (uses nested grids instead of the FFT). Development of this
method has the potential to dramatically improve the efficiency of MD software used for predictive
simulation of materials.
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Predicting the Future Trajectory of Arctic Sea Ice: Reducing Uncertainty in High-

Resolution Sea Ice Models
157957

Year 2 of 3
Principal Investigator: K. J. Peterson

Project Purpose:

The purpose of this project is to improve the fidelity of sea ice models and to develop methods to
compare and propagate their uncertainties in order to provide new predictive capabilities for use in
decision support.

Current generation Earth System Models (ESMs) vary greatly in their predictions for Arctic sea ice
evolution, but all have underestimated the rate of decline in minimum sea ice extent over the last thirty
years. Sea ice components of ESMs are multiphysics models with complex choices in the physical
submodels and parameterizations used to define the governing equations and in the numerical methods
used to discretize and solve the governing equations. They also contain many physical parameters with
values that are inherently uncertain. A robust, predictive sea ice modeling capability requires an
understanding of how uncertainties are propagated by different numerical algorithms and a consistent
approach for comparative evaluation of the physical fidelity of each model.

We are employing a novel framework for calibrating and validating sea ice models using satellite and
submarine data from the Arctic. The objective is to develop a systematic methodology to: 1) evaluate
predictive capabilities of sea ice models, 2) discover the most important physical parameters
contributing to uncertainties, and 3) assess the impact of numerical algorithms on sea ice simulations.
Several sea ice models and model configurations are used to develop and test our approach. Alternative
numerical implementations and physical models are being evaluated using the validation framework in
order to determine the most relevant improvements. A distinguishing characteristic of the research is
coordination of efforts in uncertainty/sensitivity analysis, physical modeling, and advances in numerical
algorithms.
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High Performance Graphics Processor-Based Computed Tomography

Reconstruction Algorithms for Nuclear and other Large-Scale Applications
158182

Year 2 of 3
Principal Investigator: E. S. Jiménez, Jr.

Project Purpose:

The goal of this work is to develop a fast computed tomography (CT) reconstruction algorithm based on
graphics processing units (GPU) that achieves significant improvement over traditional central
processing unit (CPU)-based implementations. The main challenge in developing a CT algorithm that is
capable of handling very large datasets is parallelizing the algorithm in such a way that data transfer
does not hinder performance of the reconstruction algorithm.

General Purpose Graphics Processing (GPGPU) is a new technology that the S&T community is starting
to adopt in many fields where CPU-based computing is the norm. GPGPU programming requires a new
approach to algorithm development that utilizes massively multithreaded environments. Multithreaded
algorithms are, in general, difficult to optimize since performance bottlenecks occur that are nonexistent
in single-threaded algorithms such as memory latencies. If an efficient GPU-based CT reconstruction
algorithm can be developed, computational times could be improved by a factor of 20. Additionally,
cost benefits will be realized as commodity graphics hardware could potentially replace expensive
supercomputers and high-end workstations.

Development of a fully optimized reconstruction algorithm may require a dramatic restructuring of the
entire algorithm in order to achieve optimal performance. This project will take advantage of the CUDA
programming environment and attempt to parallelize the task in such a way that multiple slices of the
reconstruction volume are computed simultaneously. This work will also take advantage of the GPU
memory by utilizing asynchronous memory transfers, GPU texture memory, and (when possible) pinned
host memory so that the memory transfer bottleneck inherent to GPGPU is amortized. Additionally, this
work will take advantage of GPU-specific hardware (i.e., fast texture memory, pixel-pipelines, hardware
interpolators, and varying memory hierarchy) that will allow for additional performance improvements.
At this time, the GPGPU algorithm technology is still in its infancy and development environments vary
widely.
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Sublinear Algorithms for Massive Data Sets
158477

Year 2 of 3
Principal Investigator: S. Comandur

Project Purpose:

Our ability to accumulate and store data is increasing rapidly. Increasingly, we are faced with massive
data sets. These could be internet graphs, network traffic data, or genetic sequences of various
organisms. Having gathered this data, we face the problem of processing it to learn something
meaningful. In many cases, the data is too vast to complete even a single read pass through it. We need
to develop sublinear algorithms (i.e., procedures that look at a tiny fraction of the data). The goal is to
determine nontrivial properties of the data, such as recurring patterns in a string, sparse cuts in graphs, or
communities in a cyber network.

These kinds of varied combinatorial and graph problems require very different kinds of sampling and
algorithmic strategies. Over the past decade, the theoretical computer science and discrete mathematics
communities have developed some algorithmic sampling tools for sublinear algorithms. This has
yielded sampling procedures that are believed to be applicable for a large variety of problems.

This is an exciting and deep area of mathematical study, but most of the work has a very narrow,
theoretical focus. The theoretical models are very rudimentary and many new ideas are needed to apply
these sampling tools to specific problems. At a high level, our aim is to develop new theoretical
sampling techniques and connect them to real-world issues at Sandia. This project promises to work
both at the mathematical and practical levels. Any theoretical insights gained would be considered
novel mathematical results in their own right. But understanding how these relate to real-world
problems is unchartered territory in itself. This project would be one of the first comprehensive
investigations in the study of sublinear algorithms for massive dataset problems.
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Accurate Model Development for Large Eddy Simulation of Turbulent

Compressible Flow Problems
158482

Year 2 of 3
Principal Investigator: M. Howard

Project Purpose:

Accurate simulation of turbulence is vital for predicting complex physical flow behaviors. Turbulence
spans a large range of time and length scales and capturing all of its effects is difficult. Direct
Numerical Simulation is too computationally intensive for high Reynolds number problems. Reynolds
averaged Navier-Stokes simulations are less accurate and often inapplicable to many problems. Large
Eddy Simulation (LES) resolves the predominant flow features and models the smaller scale turbulence.
Of these approaches, it is clear that LES offers the best promise, but several significant challenges exist
for compressible problems. Appropriate subgrid-scale modeling is an open area of research, especially
for supersonic flows. Higher-order accurate numerical methods are essential to reducing discretization
error. The interaction of the subgrid-scale model and the discretization method is also an important
factor that is not fully understood. The investigation of these areas requires an efficient and scalable
algorithm and poses significant challenges for accurately predicting complex turbulent compressible
flows.

This research effort is motivated by the assertion is that a systematic investigation of unstructured
discretization methods, filtering and subgrid-scale modeling techniques, and the interactions between the
two, combined with a focus on accuracy and scalability, will enable a LES capability that surpasses
existing limitations for solving turbulent compressible flow problems of national interest. We propose
to rigorously identify the defining theoretical and numerical features of a successful LES scheme, and
then develop a state-of-the-art capability for accurate unstructured LES of compressible flows. Two
spatial discretization methods as well as implicit, explicit, and hybrid time integration techniques will be
explored. This will enable us to make broad assessments about discretization characteristics that few
existing research efforts have addressed. Determining the merits of each discretization feeds directly
into investigating appropriate filtering techniques, subgrid-scale models, discretization errors and their
interplay for this class of flows, all open and poorly understood topics.

79



Enable Predictive Simulation

Scheduling Irregular Algorithms
158787

Year 1 of 3
Principal Investigator: S.J. Plimpton

Project Purpose:

Scheduling is the assignment of tasks to processors for execution and it is an important concern in
parallel programming. Most prior work on scheduling has focused either on static scheduling of
applications where the dependence graph is known at compile time or on dynamic scheduling of
independent loop iterations. However, many algorithms are irregular, which generally means that loop
iterations are not independent and the dependence graph is not known at compile-time. In addition,
scheduling traditionally focuses on improving locality or maintaining good load balance, but for
irregular algorithms, even the amount of work may vary with the scheduling policy. The purpose of this
project is to investigate novel strategies for partitioning the computations of a simulation into tasks that
can be assigned dynamically to processors or processes or threads, so that irregular applications can run
efficiently and scalably on thousands to millions of processors.

Irregular applications include traditional scientific applications (partial differential equations [PDEs],
grids, particles), which are dynamic, either in their geometry or their time dependence. It also includes
data-centric applications such as those in informatics or graph analysis where huge volumes of data are
processed and the computation is often more memory-bound than compute-bound. High parallel
performance for these kinds of applications is difficult for programmers to achieve due to load
imbalances and the dynamic nature of the problems. As supercomputer architectures move to more
processors and accelerated hardware such as many-core central processing units (CPUs) and graphics
processing units (GPUs), the challenge is exacerbated. One possible solution is to automate more of the
parallelization process by appealing to the compiler or a run-time system to partition a simulation’s
workload effectively and schedule the large number of small tasks on available resources (processes,
threads, etc.). This project aims to extend the state of the art for that model, and apply it to interesting
large-scale scientific applications. This work is in collaboration with the University of Texas-Austin.
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Breaking Computational Barriers: Real-Time Analysis and Optimization with

Large-Scale Nonlinear Models via Model Reduction
158789

Year 1 of 3
Principal Investigator: K. T. Carlberg

Project Purpose:

Despite developments in high-performance computing, high-fidelity physics-based simulations can take
weeks to complete. This constitutes a barrier for many engineering applications. For example,
uncertainty quantification (UQ) requires simulations to be completed in seconds or minutes; control
requires real-time optimization using such models. For models with general nonlinearities, existing
surrogate-modeling methods often fail to meet these time constraints without introducing unacceptable
errors.

This project’s purpose is to enable accurate, near-real-time analysis and optimization using high-fidelity
physics-based nonlinear models via model reduction. The resulting framework will be generalizable and
applicable to a wide range of problems including real-time control of power grids and UQ of thermal-
mechanical systems. The work builds on the Gauss-Newton with Approximated Tensors (GNAT)
model reduction method that has already generated exciting results for a wide variety of problems.

The PI is a President Harry S. Truman Fellow.

The project consists of three parts:

1. Integrate GNAT within a robust, predictive, model-reduction framework. First, decrease the
temporal complexity of simulations. Second, devise error estimates/bounds for the solution. Third,
investigate ways to refine the solution using error estimates. Task 1 is complete: we have submitted a
journal paper.

2. Target applications: UQ and optimization. Each application carries unique requirements for the
reduced-order model; the above framework will be specialized to these applications.

3. Deploy the model-reduction framework on problems of interest. First, devise strategies to preserve
critical problem structure (e.g., energy conservation). Second, develop a single model-reduction
software package that enables model-reduction for a wide range of problems. Third, investigate the
effect of problem type and size on performance. We have implemented basic model-reduction
capabilities in Albany, a computational mechanics code.
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Exploring Heterogeneous Multicore Architectures for Advanced Embedded

Uncertainty Quantification
158792

Year 1 of 3
Principal Investigator: E. T. Phipps

Project Purpose:

In the near future, high-performance computing will undergo dramatic changes as heterogeneous
multicore nodes are incorporated into distributed memory architectures. Significant work is under way
to exploit these new architectures for single-point forward simulations. However, critical to predictive
simulation is the quantification of uncertainties in these simulations, for which propagation of
uncertainties in simulation input data to simulation output quantities of interest is key. Since one avenue
of forward uncertainty propagation relies solely on sampling a simulation code over the uncertain input
space (so-called non-intrusive approaches) any improvement in the forward simulation enabled by
multicore architectures will result in commensurate improvement in the forward uncertainty calculation.
However, even with these improvements, there will be many problems of strategic interest where the
computational requirements for accurate uncertainty propagation will still be too great. To address these
challenges, it is critical to develop new architecture-aware uncertainty propagation algorithms that fully
exploit the performance benefits of heterogeneous multicore architectures.

The purpose of this project is to create new embedded uncertainty quantification methods that
fundamentally alter the structure of a simulation code to implement forward uncertainty propagation
directly, leveraging high on-node core and thread counts, with the aim of achieving significant
reductions in overall computational run times and increased scalability over non-intrusive methods.
This requires fundamental algorithmic, computer science, and software research to develop algorithms
and approaches that can leverage to the greatest extent possible the capabilities provided by these
emerging architectures. Significant challenges are developing effective uncertainty-adapted solution
strategies that scale to very high thread counts and software tools that allow these approaches to be
incorporated in a diverse set of scientific simulation codes. The project’s goals are foundational across
all Sandia scientific computing missions, and it begins to illuminate a path to exascale computing where
uncertainty quantification, not single-point forward simulation, is the driving technology.
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Architecture- and Resource-Aware Partitioning and Mapping for Dynamic

Applications
158793

Year 1 of 3
Principal Investigator: K. D. Devine

Project Purpose:

This project’s purpose is the creation of new capabilities for distributing and mapping applications to
processors in heterogeneous, dynamic, parallel computing environments. We are integrating real-time
resource information with partitioning and mapping algorithms to dynamically assign and redistribute
application data/work as computing-resource demands and availability change. An important step has
been creating representations of target architectures compute hierarchy, network routing, and real-time
performance.

*  We wrote software to generate graph models of the NNSA’s Alliance for Computing at Extreme
Scale, Cray-XE6 Cielo network with accurate edge weights and exact static routing information.
The generator works on any Cray-XE6 or XK6 (National Center for Supercomputing Applications’
BlueWaters and Oak Ridge National Laboratory’s Titan).

*  We developed a node-subsystem representation of static and dynamic architecture information
(static hierarchy from hwloc [portable hardware locality software package]); dynamic resource state
from OVIS/LDMS). We will integrate this representation with network graphs in a complete
machine representation.

*  We developed low overhead data readers for performance events on the Cray-XE6 for non-intrusive
collection of resource-utilization data, and tested them with linear-algebra kernels from DOE’s
FASTMath Institute.

Next, we sought effective mapping algorithms that account for applications’ communication patterns in
assigning processes to cores.
*  We developed and simulated task-mapping algorithms to determine their effectivity in reducing
average communication hops and execution time.
*  We collaborated with the University of Illinois at Urbana-Champaign to extend the libtopomap
library to use exact static routes and edge weights in mapping algorithms and congestion
calculations.

We also developed software to integrate components for delivery to applications. We implemented
software infrastructure for resource-aware dynamic partitioning, allowing Zoltan to use resource
utilization data to determine part sizes.

Finally, we identified a target application to verify/validate our algorithms and software.

*  We collaborated with Sandia's MiniGhost mini-application team to understand the effects of
mapping, communication topology and link congestion on large-scale application performance.

* We are evaluating our data collection and mapping strategies in MiniGhost on Cielo in CCC3.
Preliminary results show promise in reducing MiniGhost execution time.
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Automated Algorithms for Achieving Quantum-Level Accuracy in Atomistic

Simulations
158794

Year 1 of 3
Principal Investigator: A.P. Thompson

Project Purpose:

Molecular dynamics (MD) is a powerful materials science simulation tool for bridging between quantum
mechanical (QM) systems with a few hundred atoms, and the length/time scales required to model entire
microscale devices. However, the impact of MD is severely limited by the lack of suitably accurate
interatomic potentials for many important materials. Examples include III-V semiconductor compounds
such as indium phosphide and refractory metal alloys such as tantalum/tungsten. Building traditional
physics-based potentials is a time-consuming, high-risk endeavor, incompatible with time-sensitive,
mission-critical projects. A recent breakthrough enables automated development of quantum-accurate
potentials for metals and semiconductor compounds with systematically controllable accuracy. This
game-changing capability for predictive materials modeling may enable timely MD simulation of
materials of arbitrary chemical composition with unprecedented fidelity, limited only by the availability
of relevant QM training data.

The Gaussian-approximation potential (GAP) approach of Bartdk et al. demonstrated that the
bispectrum coefficients extracted from the projection of neighbor density on to the three-sphere can
produce accurate regression surrogates for QM models. Using the GAP bispectrum formalism, we are
building an in-house capability for automated generation of potentials for arbitrary materials using
existing DAKOTA code regression tools coupled to the Large-Scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) MD code. Specific to Sandia needs, we are generating potentials for
refractory metals and III-V semiconductors. We are also creating a scalable parallel implementation of
these potentials in LAMMPS, suitable for use in large-scale simulations. The primary risk we anticipate
is whether these potentials can provide QM surrogates of sufficient accuracy for Sandia mission needs.
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Electromagnetic Extended Finite Elements for High-Fidelity Multimaterial

Problems
158795

Year 1 of 3
Principal Investigator: C. Siefert

Project Purpose:

The purpose of this project is to develop methods for computational modeling of electromagnetic (EM)
surface effects in the case where body-fitted meshes are impractical. Modeling surface effects is critical,
since current tends to concentrate near material surfaces. Many EM applications of interest to Sandia
and Sandia customers operate in the large deformation regime, where body-fitted meshes are impractical
and multimaterial elements are the only feasible option.

State-of-the-art methods use various mixture models to approximate the physics of these elements. The
empirical nature of these models can significantly compromise the accuracy of the simulation in this
very important surface region. Our approach is to develop an alternative simulation methodology to
empirical mixture models for material surfaces.

Highly accurate, edge-based (compatible) discretizations form the basis for EM simulations at the
NNSA labs, as they correctly respect the underlying physics. Unfortunately, there is no edge-based
method that allows for resolution of sub-element material interfaces. Our goal is to build a physically
realistic EM scheme that resolves these critical sub-element material surfaces. We are adapting ideas
from the eXtended Finite Element Method (XFEM) to edge-based discretizations. The XFEM makes
discontinuities at a sub-element level possible, but has only been developed for nodal discretizations.
Realizing our goal requires the development of: 1) a novel edge-based technique to enforce the
appropriate continuity conditions across material boundaries within an element, 2) implementation of
the technique, 3) a novel, fully implicit linear solver capability to solve the resulting equations, and 4) a
novel way to preserve XFEM quantities through large deformations (remap).
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Ultrafast Laser Diagnostics for Energetic-Material Ignition Mechanisms: Tools for

Physics-Based Model Development
158801

Year 1 of 3
Principal Investigator: S. P. Kearney

Project Purpose:

Despite its importance, a fundamental description of initiation in energetic materials has eluded
researchers for decades, in large part because ignition results from mechanical and thermochemical
mechanisms that are tightly coupled at extreme spatial and temporal scales of order microns and
picoseconds. Access to these extreme time and length scales under dynamic loading conditions has,
until recently, been restricted to simulations, and experiments to underpin the relevant physics are sorely
needed to provide model developers with an appropriate physical foundation. The recent availability of
femtosecond laser sources has opened the door to fundamental experiments with the required extreme
resolution and well-controlled measurements on the early time effects of shock drive have been
reported. These experiments have largely been limited to homogeneous materials, while the majority of
explosives of interest — both ideal and improvised — are heterogeneous in composition, with material
microstructure effects that are absent in homogeneous samples, but which can dominate the response in
many real explosives.

We propose two significant leaps forward: 1) We will develop new capabilities for controlled small-
scale shock-drive experiments on heterogeneous samples. Extension to these more challenging
materials will additionally require us to 2) develop state-of-the-art ultrafast laser-diagnostic approaches
for spatially correlated imaging and spectroscopy on a single-laser-shot basis with extreme picosecond-
and micron-scale resolutions. We will advance the science of ultrafast imaging and spectroscopy to
provide game-changing diagnostics for elucidation of the mechanical and thermochemical response of
energetics to shock drive in well-controlled experiments on dynamically loaded heterogeneous
materials. The measurements will provide new physical insight into the initiation process and provide
fundamental data of interest to molecular-dynamics and mesoscale modelers. More significantly, the
capabilities developed here will yield the first resolved-scale measurements of mesoscale phenomena,
which will enable significant breakthroughs in modeling of shock propagation and ignition of more
abundant heterogeneous explosives.
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Fault Survivability of Lightweight Operating Systems for Exascale
158802

Year 1 of 3
Principal Investigator: K. B. Ferreira

Project Purpose:

Concern is growing in the high-performance computing (HPC) community on the reliability of proposed
exascale systems. Research at Sandia has shown that the reliability requirements of these machines will
greatly reduce their scalability. Current fault-tolerance techniques have focused on application faults
and ignored the most critical software running on a node, the operating and runtime system.

We can think of the operating system (OS) on these machines as a single, scalable application that
manages the available resources on a node. Today’s OSs and runtime systems make many of the same
assumptions about reliability that applications do. Many of these basic assumptions will need to be
addressed to enable more reliable system software.

HPC system software needs to be able to continue running through faults if emergent application-level
fault tolerance is to succeed. This is in contrast to current Oss, which are unable to recover from the
vast majority of failures. We will examine the structure of modern HPC OSs with the goal of
characterizing important reliability assumptions and determining alternative strategies for exascale
systems. For example, errors in memory and logic can have different impacts on the OS and a
cost/benefit model for different approaches to handling such errors will need to be developed and
analyzed.

In contrast to current fault-tolerance methods that are focused on application faults, this work is focused
on developing operating and runtime systems that can continue in the presence of faults. This is a much
finer-grained and dynamic method of fault-tolerance than the current, coarse-grained, application-centric
methods. Handling faults at this level has the potential to greatly reduce overheads. Additionally, in
contrast to much of the current work, this work focuses on more realistic faults, such as, silent data
corruption. Lastly, in this project, we investigate forward recovery methods rather than the expensive
rollback methods of current work.
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Effect of Varying Convection on Dendrite Morphology and Macrosegregation
158803

Year 1 of 3
Principal Investigator: J. D. Madison

Project Purpose:

This work is a collaboration with the University of Arizona as well as Cleveland State University and is
being established to: 1) understand the effects of melt convection and shrinkage flow on dendritic
microstructure and 2) examine alloy macrosegregation during directional solidification. Microstructural
morphology determines important macroscopic properties, therefore, enhanced control of
microstructures are of economic importance in directionally solidified castings used in aerospace, power
generation, and other industries. Initially, research will examine microstructural changes caused by
varying thermal gradients and differing solidification rates under both microgravity and normal
gravitational conditions. We anticipate that samples solidified under microgravity will produce
microstructures practically free from the influences of convection, providing control cases in which the
influence of convection can be reduced, if not eliminated, experimentally and subsequently modeled.
Latter research will focus on the effects of changing cross-sectional sample area and the resulting
changes in convection, shrinkage flows, and microstructural morphologies. These experiments will be
carried out under normal gravitational conditions, and pending funding, under microgravity. The alloys
used in these experiments will be Al-Si and Al-Cu, both of which are of commercial importance.

The novel approach here is in the attempt to grow relatively large samples of dendritic alloy, free from
the effects of convection with minimized shrinkage flows, and characterize them by 3D reconstruction
for comparison against gravitationally processed samples. In addition to characterization, experimental
results will be compared to established solidification models with and without convective effects. This
work is additionally innovative in that tools will be developed for furthering these types of
investigations, such as techniques for the automated extraction of composition and morphology from
micrograph images, direct comparison of solidification models with experiment, and the extraction of
convection- and shrinkage-induced melt velocities as well as the quantifying and isolating other
convective effects that would be otherwise unattainable.
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Next-Generation Algorithms for Assessing Infrastructure Vulnerability and
Optimizing System Resilience
158804

Year 1 of 3
Principal Investigator: M. Ehlen

Project Purpose:

The US economy and way of life are increasingly dependent on complex, adaptive, networked systems.
These systems arise in critical infrastructure (e.g., electricity and water systems, transportation, banking
and finance), global trade and supply chains, etc. Thus, understanding their behaviors under attack or
disruption and increasing their resilience is an important national security challenge. A key component
of these systems, which must be accounted for in vulnerability analysis, is their intelligent management
by human system operators. Under attack, these actions ideally mitigate (though sometimes exacerbate)
the system’s response and also influence the subsequent behavior of the attacker.

The theme of this project, a collaboration with the University of Florida, involves bi-level discrete
optimization problems for network design and security. Bi-level optimization problems involve two
entities that make decisions in a non-cooperative fashion, often involving one primary entity whose
actions are opposed by an adversarial entity. While contemporary mathematical programming
techniques have been studied for simple cases, the methods cannot yet be extended to complex
adversary actions or arbitrarily deep chains of operator/adversary interactions. This research seeks to
develop new mathematical theory and algorithms in these areas.

If the research is successful, it will greatly expand the class of bi-level optimization problems that can be
addressed with modern computational tools, and can be applied to varied national security mission areas
including enhancing understanding of US critical infrastructure systems. Given that both foundational
mathematical theories and practical implementations applicable to real-world problems do not yet exist,
this project will create the scientific basis and demonstrate feasibility of an approach that could be
differentiating to Sandia’s national security missions and customers.
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Next-Generation Suspension Dynamics Algorithms
158805

Year 1 of 3
Principal Investigator: P. R. Schunk

Project Purpose:

The goal of this project is to develop, refine, and apply next-generation algorithms for the simulation of
dense suspensions of colloidal particles from the nanoscale through micron-sized particles. The
challenge is to conduct mesoscale simulations for tracking the motion and self-assembly of individual
nanoparticles while accurately accounting for hydrodynamic interactions, stochastic Brownian forces
and interparticle forces. The algorithms must be scalable with O(Np) ops to facilitate large-scale
simulations over time scales (1 to 100 seconds) associated with colloidal diffusion, self-assembly, phase
changes, and densification processing. To resolve the relevant physics requires large system sizes in
terms of particle number with monodisperse suspensions of spheres requiring O(10°) particles and
polydisperse suspensions, requiring much larger particle counts. To meet these needs, we developed the
FLD (fast lubrication dynamics) algorithm, which demonstrated excellent predictions of physical
phenomena while offering superior computational speed relative to ASD (accelerated Stokesian
Dynamics), DPD (dissipative particle dynamics) and SRD (stochastic rotation dynamics). During the
past year, we have further advanced the performance of the FLD approach by restructuring the algorithm
from large sparse matrix formulations to denser, more compact near neighbor particle pairs data
structures, and have reformulated the stochastic Brownian force computation for greater efficiency.
Overall, this accelerates the parallel implementation and reduces bandwidth for data transfer.

With a high-performance FLD algorithm with proper verification and validation and scalability to large-
scale computational clusters at Sandia, we will have a powerful tool for the analysis and development of
novel nanostructured materials. These algorithms, capable of tracking the dynamics of self-assembly
and guided assembly of nanoparticle structures, provide an invaluable tool in developing synthesis
strategies for novel nanomaterials. These materials are at the heart of numerous laboratory thrusts to
address national needs.
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Multiscale Modeling of Brittle Heterogeneous Materials
158806

Year 1 of 3
Principal Investigator: T. Vogler

Project Purpose:

Heterogeneities and the mechanisms governing deformation in engineering materials often exist at
length scales much finer than the engineering scale. Concrete is a good example. It possesses
heterogeneities over many length scales while engineering structures are on the scale of meters. The
scale of reinforcing phases such as aggregate and steel fibers is typically termed the mesoscale in
concrete. Modeling at this scale is a methodology for understanding the role of microstructure during
deformation, fracture, and failure. This scale is of particular interest due to the interfacial transition
zone that exists between the cementitious matrix and the reinforcement, which typically acts as a crack
nucleation point.

Peridynamics, a reformulation of continuum mechanics in integral form, is used to capture plasticity,
strain softening, and fracture of bulk phases. Peridynamics offers two distinct advantages over classical
continuum models, which rely on local balance laws. First, peridynamics does not rely on derivatives of
the displacement field; thus, the discontinuities inherent to cracks can be included in a mathematically
consistent manner. Second, as a nonlocal theory it is well suited to problems involving localization of
plastic deformation and strain softening.

In this project, a collaboration with Georgia Institute of Technology, we are studying the behavior and
failure of ultrahigh-performance concrete (UHPC) under high-rate impact and penetration using a
multiscale approach capturing fine-scale deformation mechanisms to generate more accurate
engineering-scale computations. Fine sand aggregate, steel fibers, and porosity will be explicitly
modeled at the mesoscale in UHPC. The effect of reinforcement size and volume fraction will be
determined and optimal material configurations determined. The work will serve as a basis for the
development of new modeling and multiscale materials design approaches in the future. This problem
has not been solved by current S&T due to both the computational demand and lack of appropriate
constitutive theories to accurately address the problem.
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Heterogeneous Scalable Framework for Multiphase Flows
158997

Year 2 of 3
Principal Investigator: K. V. Morris

Project Purpose:

Computational modeling of turbulent combustion is vital for our energy infrastructure and offers the
means to develop, test and optimize fuels and engine configurations. In the case of internal combustion
engines, fuel injection simulations provide insight into the required calibration for appropriate turbulent
mixing and efficient combustion. In modeling the dilute spray regime, away from the injection site and
downstream of the atomization processes, considerable doubts persist regarding how to best
parameterize and predict the various two-way couplings between the dispersed phase and the
surrounding fluid turbulence. These couplings include mass, momentum, and energy exchanges.

Two categories of challenges confront the developer of computational spray models: those related to the
computation and those related to the physics. Regarding the computation, the trend towards
heterogeneous, multi- and many-core platforms will require considerable reengineering of codes written
for a specific supercomputing platform. Regarding the physics, accurate methods for transferring mass,
momentum and energy from the dispersed phase onto the carrier fluid grid have so far eluded modelers.
Significant challenges also lie at the intersection between these two categories. To be competitive, any
physics model must be expressible in a parallel algorithm that performs well on multiple computer
platforms.

To exploit the countless computing hardware configurations available and confront the challenges
regarding portability and performance optimization for current scientific applications, the proposed work
will develop a novel software architecture that segregates the data computation and communication from
the physical models. This architecture will enable computational scientists to increase the versatility of
present and future scientific codes. Current state-of the art spray model computations predict
experimental results only for a narrow band of particle length and timescales. This work will
simultaneously address a fundamental need to generalize these models to account for a wider range of
particle scales, focusing on particles larger than the smallest turbulent eddies.
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Interaction-Driven Learning Approaches to Complex Systems Modeling
159005

Year 2 of 3
Principal Investigator: A. V. Outkin

Project Purpose:

Combining interaction-driven and machine learning models into one cohesive framework will allow
Sandia to develop complex systems models that will adapt in real time the model parameters and
structure while harnessing the predictive power inherent to interaction-driven models. It will place
Sandia in a leading role to provide decision support in areas such as response to natural or man-made
disasters, sensor data processing, and cybersecurity.

Current progress summary:

1. Developed an initial conceptual framework. Investigated the applicability of the Statistical Learning
Theory, and connections to the sensor networks.

2. Identified an existing interaction-driven model and a public data set for early testing of the
framework.

3. Investigated the applicability of different learning algorithms and identified the Support Vector
Machines — motived approaches and conformal predictors as most promising tools. The currently
implemented framework uses much simplified linear regression-based approach in order to quickly
validate the feasibility of this method.

4. Created an initial software implementation using an existing interaction-driven model and a publicly
available dataset and developed a set of Python, Tcl/Tk and R scripts for training and testing the
prototype-learning model.

5. Tested the ability to run the interaction-driven model on a high-performance computer cluster to
allow a more thorough investigation of the model parameter space and of applicable learning
algorithms.

6. Conducted thousands of the interaction-driven model runs and demonstrated the feasibility of
imitating the performance of a real-world system using only partially calibrated interaction-driven
models.

7. Began development of collaborations with Rutgers University and Tokyo University.
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Transactions for Resilience and Consistency in Integrated Application Workflows

for High-Performance Computing
159006

Year 2 of 3
Principal Investigator: G. F. Lofstead

Project Purpose:

The scientific discovery process often involves a series of steps that may include simulation, analysis,
and visualization with intermediate results staged on the storage system. For large-scale applications,
the time, space, and power overhead of storing transient data is already overwhelming and will increase
as machines and applications continue to increase in scale. Given these challenges, there is tremendous
benefit in coupling these steps as an “integrated application workflow” (IAW). This approach
eliminates storing transient data on the storage system but introduces new challenges with respect to
resilience and data consistency.

For Sandia’s CTH shock physics code, understanding dynamics of material fragments, fragment
tracking, is key for scientific insights. Generating fragment information requires separate analysis on
the raw CTH data at every time step. An [AW for fragment detection eliminates the need to persistently
store intermediate results making tracking fragments practical. Resilience is imperative because a
failure or data corruption anywhere in the IAW invalidates the result.

Dramatic changes in data management must be made to achieve exascale computations. IAWs represent
a fundamental change in the way computational science leads to insight; however, without resilience,
IAWs are not practical at scale. A transaction-based technique provides a robust and scalable solution to
resilience for [AWs.

Traditional distribution transaction management systems focus on a single client with multiple servers
(1-N). For the high-performance computing (HPC) environment, however, there are potentially millions
of clients interacting with thousands of servers (M-N). Collective input/output (IO) is an existing M-N
style operation for HPC. To reduce the number of small IO operations, an initial phase rearranges data
across the M processes before writing to N storage targets. The extreme overhead at scale shows what
not to do while giving hints on how to manage some of the tasks, such as identifying the group of
processes as a whole and the total amount and distribution of data.
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Solution Methods for Network-Based Scheduling Problems
159054

Year 1 of 3
Principal Investigator: J. J. Carlson

Project Purpose:

The purpose of this research is to develop solution techniques for the new class of network-based
scheduling problems. Motivating applications for this problem class include infrastructure restoration
after an extreme event and plug-in hybrid electric vehicle (PHEV) battery charging and discharging
within a smart grid. Infrastructures, such as power grids and transportation systems, can be modeled as
networks. Network managers must coordinate repairs or operational decisions using limited resources in
order to maximize performance. Selecting which components to repair or utilize (downed power lines,
batteries to charge/discharge) can be viewed as network design decisions. Traditional network design
decisions only focus on the end performance of the design (i.e., the network operation after all
components are repaired). Clearly, in infrastructure restoration the success of the efforts depend on how
well the services come back online. Therefore, it is important to allocate resources, such as work
groups, to implement network design decisions. This resource allocation can be viewed as scheduling
decisions. This novel model incorporating the combination of decisions occurring simultaneously does
increase the problem difficulty, which motivates the need for both exact and approximate solution
methods. In collaboration with Rensselaer Polytechnic Institute, we will adapt these methods in
situations where not all information (components that need repair, battery demand) is available at the
start.

Extensive research has been conducted in network design and scheduling separately. However, limited
research has been conducted for the combination of these problems, denoted network-based scheduling.
This problem integration captures the resource allocation aspects of network design, such as the time
required to construct or repair networks and how the design influences network function over time. This
novel way of modeling allows for many areas of exploration, but due to the increased problem difficulty,
it calls for creative solution techniques that ensure an appropriate solution is attained within a reasonable
amount of time to aid system managers.
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Monte Carlo Processor Modeling
161139

Year 1 of 2
Principal Investigator: E. DeBenedictis

Project Purpose:

Our collaborator, Presidential Early Career Award for Scientists and Engineers (PECASE) recipient
Jeanine Cook of New Mexico State University, has been developing a Monte Carlo-based processor
modeling (MCPM) technique that can be used for performance analysis and prediction of contemporary
and future processor architectures. These models abstract the execution pipeline into a stochastic model
using both processor and application characteristics. Currently, both in-order and out-of-order execution
and multi-core architecture can be modeled. We are pursuing new and continued work in three areas: 1)
development of the MCPM technique to enable out-of-order, multi-core processor modeling, 2) MCPM
integration within Sandia Structural Toolkit (SST), and 3) Mantevo benchmark performance analysis
and validation.

SST is a system-level, parallel simulator that supports component models at varying levels of
abstraction. We propose to fully integrate the stochastic processor models into the new stable core of
SST. In some cases this includes developing front-ends to support various Internet Security and
Acceleration (ISA) servers, including instruction decode and functional execution.

The Mantevo benchmarks were developed from key applications at Sandia and are intended to be short-
running kernels representative of these applications. We propose a performance analysis at the
architecture and microarchitecture level that will provide a detailed picture of benchmark behavior.
With Sandia personnel, we will validate this data against each of the original applications from which
these benchmarks were derived.

The complexity of contemporary and future computer processors has changed the methodology and
tools that have been traditionally used for performance and design space analysis. Cycle-by-cycle
simulation is very accurate and robust, but prohibitively slow, with slowdowns on the order of 10**4.
Therefore, new techniques and tools must be developed for the design and analysis of processors and
processor systems. Further, the integration work will contribute processor models of an abstraction level
that are currently not available in SST. Finally, the work on the Mantevo benchmarks will provide a
much-needed validation at the microarchitecture level.
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A Micro-to-Macro Approach to Polymer Matrix Composites Damage Modeling
161865

Year 1 of 3
Principal Investigator: S. A. English

Project Purpose:

Traditionally, polymer matrix composites (PMC) damage is assessed on the lamina scale in which
distributed loads among the constituents exceed some failure criteria and lead to a reduction in laminate
stiffness. An array of methodologies has been proposed to simulate this phenomenon. No consensus yet
exists on the correct method to model damage and failure in composites. A micromechanical approach
uses fiber and matrix properties to define decomposed constituent-level damage evolution and failure
and thus may be extended to more complex compositions. Similarly, mesoscale (yarn) models can be
used to directly assess damage evolution and failure in woven PMCs. The purpose of the project is to
develop and implement a composites damage material model that uses a micro- and mesomechanical
approach to determine homogenized macroscopic material response for varying levels of constituent
complexity. Intermediate challenges include: implementation and evaluation of multiple material
models, development of methodologies and length scale estimations for micro- and mesomechanical
modeling, comparison with existing models (analytical and empirical) and experimental validation for
simplified cases with materials of interest. Sandia’s high performance computational capabilities allow
for a detailed analysis of the microstructure, iterative optimization of material parameter selection and
other tasks not generally suited for industry.
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Digital Holography for Quantification of Fragment Size and Velocity from High

Weber Number Impacts
161867

Year 1 of 3
Principal Investigator: D. R. Guildenbecher

Project Purpose:

In transportation accidents, tanks containing flammable or hazardous liquids may impact rigid surfaces
at high velocity. This can lead to liquid dispersion throughout large volumes. In these situations,
knowledge of the initial fragment sizes and velocities is needed to elucidate the fundamental physics and
provide boundary conditions for predictive models of dispersion. Previous attempts to acquire such data
were unsuccessful due to the spatial limitations of phase Doppler anemometry, which records droplets at
a point, and particle tracking velocimetry, which records droplets in a 2D plane. To enable
measurement of droplet statistics, innovative new methods are required to probe a large 3D domain in
single-shot, short-duration experiments.

Significant advancement of the state of the art is proposed through the optimization of digital
holography for quantification of the size, morphology, and velocity of liquid structures within a 3D
measurement domain. The viability of digital holography has recently been established by a few proof-
of-concept investigations and we propose three significant leaps forward for diagnostics for high-
velocity droplet fields. First, we will greatly improve temporal resolution through the use of nano and
picosecond laser pulses. Second, we will develop advanced algorithms to detect individual droplets and
track them through multiple exposures. Finally, we will explore tomographic methods to improve the
out-of-plane resolution of large-scale flow fields. Application of these techniques to high-Weber
number impacts will provide new physical insights into the governing mechanisms and fundamental
data of interest to multi-phase flow modelers. This data will enable significant breakthroughs in the
development and validation of liquid dispersion simulations. Finally, once perfected, this technique
could be extended to many other systems where index of refraction variation leads to light scattering.
Consequently, the future application of digital holography may prove game changing for diagnostics of
complex, 3D phenomena.
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Aerosol Aging Processes and their Relevance to Human and Environmental

Hazards
161873

Year 1 of 3
Principal Investigator: J. Santarpia

Project Purpose:

To understand the fate of any aerosol in the atmosphere and assess the impacts or hazards they pose, the
atmospheric processes that affect the physical, chemical, and biological properties of airborne particulate
matter must be characterized. For instance, the viability/toxicity and the fluorescence of chemical and
biological warfare (CBW) agents and simulants released into the open atmosphere decay at vastly
different rates as compared to those enclosed in conventional laboratory apparatus due to atmospheric
chemical interactions and compounds, termed open-air factors (OAF). Because CBW agents cannot be
studied outside, there are very few open-air decay rates to inform operational hazard prediction models.
Further, there is little understood about the effects of OAF on the biological detection signatures for
agents. Past and current studies indicate that the specifics of how long a biological attack may be
detectable by current technologies are presently unknown. Tracers used to simulate the transport of
CBW agents, and validate models, often rely on ultraviolet (UV) light induced fluorescence (LIF) for
detection. The fluorophores in the tracer material may also be subject to the same degradation processes
that affect CBW agents and stimulants. Finally, the radiative and hygroscopic properties of both
anthropogenic and naturally occurring super-micron aerosol particles (such as dusts and bacteria) are
critically important to understanding earth’s climate processes. Laboratory measurements of these
properties after known aging processes are relatively nonexistent.

This work proposes to develop new methods to study these complex problems and provide new
information to inform a wide range of problems, including hazard prediction from weapons of mass
destruction (WMD) and climate. These results should help enable the predictive capabilities of these
fields. These problems represent significant gaps in chemical and biological hazard assessment that
have had limited, if any, study.

99



Enable Predictive Simulation

Advanced Diagnostics for High-Pressure Spray Combustion
164668

Year 1 of 3
Principal Investigator: S. A. Skeen

Project Purpose:

Predictive high-pressure spray combustion simulations under development at Sandia will enable more
rapid and cost-effective engine design that leverages fundamental physical and chemical information to
reduce pollutant emissions and maximize efficiency. Anticipated advancements are crucial to the
transportation sector as more stringent emissions regulations are imposed and new synthetic and bio-
derived fuels with varying properties find greater usage. Development of a predictive simulation
capability requires experimental data to both inform and validate the models, but very limited
information is presently available about the chemical structure of high-pressure spray flames under
engine-relevant conditions. Probing such flames for chemical information using non-intrusive optical
methods or intrusive sampling techniques, however, is challenging because of the physical and optical
harshness of the environment. For example, such flames are characterized by high velocities,
temperatures, and pressures that make intrusive probing difficult. Further, beam steering effects caused
by refractive index gradients are exacerbated at high pressure, complicating optical diagnostics. And
finally, engine-relevant injection times are only a few milliseconds resulting in very small time-windows
for measurements under quasi-steady conditions.

This experimental project will address the need for quantitative species information from high-pressure
spray flames under engine-relevant conditions by developing and applying a suite of diagnostics to the
constant volume high-pressure spray flame chamber at the Combustion Research Facility. The cutting-
edge nature of the work lies in the development of a multiwavelength time-division multiplexed (TDM)
absorption setup capable of providing temporally resolved species and temperature information at very
short timescales. In addition, we will apply optical diagnostics and develop novel sampling techniques
to investigate the chemical structure of high-pressure spray flames under conditions previously
unexplored by these methods. The potential exists to acquire high-impact, quantitative data; however,
there are many risks and challenges associated with the proposed diagnostics at high pressure.
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Reduced-Order Modeling for Prediction and Control of Large-Scale Systems
164678

Year 1 of 3
Principal Investigator: 1. Kalashnikova

Project Purpose:

Numerous modern-day engineering problems require the simulation of complex systems possessing
many unknowns. Despite improved computational tools, “high-fidelity” models are often too
computationally expensive for use in a design setting. The continuing push to incorporate into modeling
efforts the quantification of uncertainties, critical to many Sandia applications, can present an intractable
computational burden due to the high-dimensional systems that arise.

The proposed research aims to enable real-time simulations of complex systems for on-the-spot
decision-making and control through the development of stable and efficient reduced order models
(ROMs): models that capture the essential physics of interest at a low computational cost. For many
ROM approaches, general results regarding the models’ fundamental mathematical properties are
lacking, or the reduction is computationally intractable for large-scale problems. The proposed research
will employ a provably stable and computationally tractable ROM technique as a starting point to
explore methods for developing stable and efficient ROMs for the control of large-scale systems. The
work can be seen as the first step towards the development of an effective model reduction technique to
support decision-making under uncertainty. Targeted applications include the quantification of the
captive-carry environment for the design of nuclear weapon systems, and atmospheric transport/climate
modeling.

For a ROM to serve as a useful predictive tool, the model should preserve the stability properties of the
original system and be cost-effective for large problems. As many ROM techniques are computationally
intractable for large-scale systems or lack an a priori stability guarantee, there is motivation to explore
new theoretically sound and computationally efficient techniques for building ROMs.
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NANOSCIENCE TO MICROSYSTEMS
INVESTMENT AREA

This investment area (IA) funds both fundamental and applied research into phenomena that arise from
the distinctive properties of matter at the nanoscale (billionths of a meter), the scale of single atoms,
small clusters of atoms, and small molecules, and of structures at the microscale (millionths of a meter).
This includes both inorganic nanoparticle research and applications, for example, single atomic
nanoparticles of metals such a gold, and also biological nanoparticles and nanomachines — and often,
the combination of inorganic and biological, with bio-nanostructures sometimes providing models for
developers to emulate.

Applications range from micromachines such as tiny heat engines and microelectromechanical systems
(MEMs), to quantum cascade lasers to improved computer memories and new types of computing data
structures (as in quantum computing), as well as nano- and microstructures showing novel optical and
electromagnetic properties that tend not to be observed at larger scales. In addition to fundamental
insights into the nature of materials and nanostructures, this IA ultimately offers solutions to problems in
energy security, climate change, secure communications, cryptography, remote sensing and threat
detection, and other arenas germane to national and global security.

Chirality-Controlled Growth of Single-Walled Carbon Nanotubes
Project 141513

Single-walled nanotubes (SWNTs) consist of a single rolled sheet of graphene; rolling along different
lattice vector lines produces SWNTs with differing chirality and diameter, each with its own unique
electrical properties (including bandgap). All known synthetic methods produce SWNTs in mixtures of
semiconducting and conducting types. Most methodologies to separate the different chiralities use post-
growth separation methods. However these methods do not address how specific bandgap
semiconducting nanotubes can be placed onto a microchip for next-generation electronics. Hence, this
project has sought to develop CNT growth methods that will effect such differentiation.

Nanopore zeolite and anodized alumina oxide—/atomic layer deposition—based membranes have been
synthesized as scaffolds for SWNT growth — templates providing precise steric limitations to within
tenths of angstroms for SWNT diameters. Moreover, a growth technique has been developed enabling
SWNT growth on silicon substrates previously coated with a tungsten barrier layer prior to nickel
catalyst deposition. This new SWNT growth technique enables growth at temperatures as low as

350 °C, which is one of the world’s lowest demonstrated growth temperatures for the production of
SWNTs. Finally, a technique has been developed that enables the creation of free standing ordered
nanoporous membranes with aspect ratios of greater than10,000 to 1. These membranes have many
potential uses including growth templates for SWNTs, ultimately enabling smaller, ultralow power
electronics.

Drawing of carbon nanotubes with slightly
different chiralities and electronic properties.
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Development of Electron Nano-Probe Technique for Structural Analysis of
Nanoparticles and Amorphous Thin Films

Above: Sandia’s aberration-
corrected scanning transmission
electron microscope.

Right nanoparticle image.

Project 141514

This project is developing methodologies to analyze the
atomic-level structure of very small nanoparticles
utilizing Sandia’s aberration corrected scanning
transmission electron microscope. By collecting electron
scattering data in scanning transmission mode, applying
two transmission electron microscope (TEM)-based pair
distribution functions and using a multivariate statistical
analysis (MVSA) to analyze the datasets, the project has
been able to determine bonding structure in “ultra”
nanomaterials (UNMs) less than 5 nanometers in size. The
method has been applied, for example to Li insertion into
v-Fe>O; nanoparticles, nanomaterials important to battery
research.
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Nanocience to Microsystems Investment Area

Responsive Nanocomposites
141076

Year 4 of 4
Principal Investigator: T. J. Boyle

Project Purpose:

The creation of environmentally responsive nanocomposites will result in materials which are much
more robust and stable. To produce such nanocomposites requires that the surface interaction between
functionalized nanoparticles and the matrix be better understood and controlled. This project will attack
this pre-competitive general problem by invoking a multidisciplinary approach based on predictive
computational models and experimental verification using a series of well-controlled complex
nanomaterials dispersed in a variety of elastomeric or soft materials. We will determine the proper
chemical species and length of the functional groups and the required surface coverage density of
morphologically and compositionally varied nanomaterials dispersed in these matrices. Our initial
response stimuli will focus on temperature or hydration since these are two of the major issues identified
by our industrial (Goodyear, Exxon and Intel) partners. The project builds on Sandia’s expertise in the
synthesis of size- and shape-controlled nanomaterials of varied compositions and functionalizations,
nanocomposite self-assembly, and computational modeling of nanocomposites aided by several key
universities (Columbia, Cornell, Florida, Harvard, New Mexico, Northwestern, Texas, Washington)
professors, students, and industrial partners with expertise in nanocomposite testing. Together, a model
for nanocomposite mixtures that possess active or applied responses to temperature or hydration
environmental changes is being developed.

Summary of Accomplishments:

Generated a wide variety of nanoparticles

* Established baseline electrospinning processes of variety of polymers
* Established nanocomposite baseline for reactive polymers

* Developed responsive nanopolymer wires

* Changed surface chemistry by including nanoparticles

Soft Templating Nanosynthesis

* Developed pH-responsive membranes using poly-4-vinyl pyridine
* Demonstrated pH-dependent hydraulic permeability

* Polymer can tunably reject solute particles

Interfacial Assemblies

¢  “Direct Writing and Actuation of 3D-Patterned Hydrogel Pads on Micropillar Supports” recently
accepted for publication in Angewandte Chemie Int. Ed.

* Developed new method for patterning platinum and palladium with multiphoton lithography

Graphene Functionalization
* Developed new aerosol through plasma (ATP) synthetic method for disordered graphene
* Prepared new UV-photo-responsive, self-assembled reduced graphene oxide-TiO, nanometer films

" This 36-month project spanned four fiscal years
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* Prepared AuTiO, core-shell nanoparticles to extend photo-response to visible wavelengths

Computational Calculations

* Modeled amorphous silica physisorbed with Si(OH);(CH;),CHj3 (n=9, 17 and 35) alkylsilanes in
alkanes of varying length

* Simulated the assembly of Au nanoparticles at water/vapor interface

* Determined forces between polymer-grafted nanoparticles in a polymer melt

* (Carried out nonequilibrium molecular dynamics simulations to determine dependence of the shear
viscosity on nanoparticle size and interaction strength

Significance:

This project employs a multidisciplinary research group consisting of national laboratory and university
personnel that are developing a fundamental science concerning responsive nanocomposites. Students
are involved in every aspect of this project. The project will allow for materials that can adapt to ever-
changing conditions. This will revolutionize the packaging industry, materials durability, and flexibility
for a single component — for example, a tire that can adjust to the weather, significantly improving
safety, energy, and durability of tires, thus addressing transportation-energy goals of DOE. The project
will also potentially address a wide range of other DOE applications, with an emphasis on energy-
related needs.

Refereed Communications:

J.R. Potts, O. Shankar, L. Du, and R.S. Ruoff, “Processing-Morphology-Property Relationships and
Composite Theory Analysis of Reduced Graphene Oxide/Natural Rubber Nanocomposites,”
Macromolecules, vol. 45, pp. 6045-6055, July 2012.

X. Xiao, T.E. Beechem, M.T. Brumbach, T.N. Lambert, D.J. Davis, J.R. Michael, C.M. Washburn, J.
Wang, S.M. Brozik, D.R. Wheeler, D.B. Burckel, and R. Polsky, “Lithographically Defined Three-
Dimensional Graphene Structures,” ACS Nano, vol. 6, pp. 3573-3579, March 2012.

D. Meng, S.K. Kumar, J. Matthew, D. Lane, and G.S. Grest, “Effective Interactions between Grafted
Nanoparticles in a Polymer Matrix,” Soft Matter, vol. 8, pp. 5002-5010, February 2012.

C.E. Ashley, E.C. Carnes, K.E. Epler, D.P. Padilla, G.K. Phillips, R.E. Castillo, D.C. Wilkinson, B.S.
Wilkinson, C.A. Burgard, R.M. Kalinich, J.L. Townson, B. Chackerian, C.L. Willman, D.S. Peabody,
W. Wharton, and C.J. Brinker, “Delivery of Small Interfering RNA by Peptide-Targeted Mesoporous
Silica Nanoparticle-Supported Lipid Bilayers,” ACS Nano, vol. 6, pp. 2174-2188, February 2012.

L.D. Zarzar, B.S. Swartzentruber, J.C. Harper, D.R. Dunphy, C.J. Brinker, J. Aizenberg, and B. Kaehr,
“Multiphoton Lithography of Nanocrystalline Platinum and Palladium for Site-Specific Catalysis in 3D
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2012.

L.D. Zarzar, P. Kim, M. Kolle, C.J. Brinker, J. Aizenberg, and B. Kaehr, “Direct Writing and Actuation

of Three-Dimensionally Patterned Hydrogel Pads on Micropillar Supports,” Angewandte Chemie
International Edition, vol. 50, pp. 9356-9360, September 2011.
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Calculations of Charge Carrier Mobility and Development of a New Class of

Radiation Sensors for Real-Time 3D Source Location
141512

Year 3 of 3
Principal Investigator: M. S. Derzon

Project Purpose:

For national security reasons, a critical need exists to rapidly identify and locate ionizing radiation
sources. The long-term goal is to pursue technologies that may one day lead to the manufacture of
detectors of the same scale as traditional detectors but divided into a large number of micro-sized voxels
(volume pixels with sizes of 50—700 microns). We estimate that such detectors with associated
electronics and analysis software will greatly decrease the time to detect, identify, and locate a
radioactive source compared with traditional radiation detectors. This benefit arises because each voxel
gathers independent geometrical and timing information as if it were a single detector. Software tools
enable the assembly of the geometric information. Timing information benefits from each voxel being
very small. The extracted current from the slower carrier contributes less and less as the voxel size is
reduced because the likelihood of another radiation event in a particular voxel becomes unlikely.

Because both Compton and photoelectric events contribute to the useful signal, the convergence in angle
can be very rapid. These devices will not require external apertures (which reduce signal strength), and
the whole cross-sectional area contributes to the sensitivity (unlike traditional Compton cameras that
have a central spectrometer and external coincidence sensors). These will operate at room temperature
and low power. In summary, the central hypothesis of this project is that it may be possible to
monolithically fabricate a 3D pixelated sensor. One primary goal of the project was to model, test and
demonstrate the component technologies at a single pixel level, which has potential to be scaled to 3D
devices. The second primary goal of the project was to model, test and demonstrate the component
technologies at a single pixel level, which has potential to be scaled to fully 3D devices.

Summary of Accomplishments:

Over the course of this work, numerous invention disclosures were filed. These comprise direct relation
to the project and spinoff concepts that are not directly related to this work. Another invention
disclosure is being developed with summary aspects using the latest results. This technology could
result in a watch-scale alpha, beta, gamma, and neutron discriminating detector that may be able to serve
as medical dose of record, rate-meter. There have been three peer reviewed publications and two
abstracts submitted to IEEE Nuclear Science Symposium.

This effort has resulted in interest by another Sandia organization, fielding of sensor elements on
Hermes and the National Security Technologies, LLC (NSTec) dense plasma focus and there has been
follow-on funding. We will continue to pursue the work in those contexts as well as with CRADA
partners (e.g., Aquila and Boeing, with others also possibly explored). Aquila has expressed interest in
pursuing joint work.

Significance:

This work supports Goal 3 of the DOE strategic plan. It directly supports DOE and Sandia mission
needs in nuclear security through defense, and nonproliferation by providing improved methods for
meeting the goals of rapid identification and location of ionizing x-ray and gamma sources for special
nuclear material (SNM) detection, material holdup, and surveillance and dosimetry. Numerous benefits
accrue by comparison to current detection technology for our DOE and national security missions in
defense, counterproliferation, and weapons of mass destruction (WMD) detection. The work may also
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enable fully 3D microelectronic devices for terrestrial and space-based missions. It also enhances

workforce capabilities by providing state-of-the-art training and understanding of competitive
technologies.
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Chirality-Controlled Growth of Single-Walled Carbon Nanotubes
141513

Year 3 of 3
Principal Investigator: S. M. Dirk

Project Purpose:

Single wall carbon nanotubes (SWNT) may be the most promising material to achieve game-changing
impacts for future nanosystems and computing in the next decade. Much of the excitement surrounding
SWNTs is their ability to be either semiconducting or ballistic conductors based on their individual
crystalline structure, or chirality. SWNTs consist of a single rolled sheet of graphene; rolling along
different lattice vector lines produces SWNTs with differing chirality and diameter, each with its own
unique electrical properties. All known synthetic methods produce SWNTs in mixtures of
semiconducting and conducting types. Typical chemical vapor deposition (CVD) processes, such as the
Rice University high pressure carbon monoxide (HiPCO) method, simultaneously produce 80 different
SWNT chiralities, where 2/3 are semiconducting, each with a different bandgap. Great efforts have
been made to produce SWNT batches that are primarily semiconducting with narrow chirality
distributions, most using post-growth chemical separation techniques. Separation methods, however, do
not address the manner in which SWNTs of a given chirality may be placed onto a microchip.
Therefore, even a successful chemical isolation of a given SWNT chirality will be difficult to implement
in next-generation nanoelectronics.

This project seeks to develop methods to grow SWNTs with a given chirality (or bandgap) directly on Si
substrates exactly where they are needed, using a process that is ultimately compatible with
microelectronics processing. We have pursued the hypothesis that appropriate control of the reaction
conditions will change the growth of SWNTs from a kinetic to a thermodynamically controlled process,
resulting in high yields of specific SWNT chiralities. In addition, we have studied the novel use of
nanopore zeolite and anodized alumina oxide/atomic layer deposition—based scaffolds as templates for
SWNT growth, templates that provide precise steric limitations to within tenths of angstroms for SWNT
diameters. The resulting combination of these unique approaches may lead to the growth of specific
chiral SWNTs with specific semiconducting bandgaps located at precisely the right location.

Summary of Accomplishments:

Several key demonstrations and scientific findings have occurred during this project, including the
development of a method to produce freestanding membranes with regular arrays of nanopores. The
technique enabled nanometer control of pore size and is very reproducible. No other research group has
demonstrated the capability to fabricate this type of free-standing membrane. The process uses a
combination of anodized aluminum oxide (AAQO) and atomic layer deposition (ALD) to create the
nanopore membranes. The membranes have many potential uses including growth templates for
SWNTs and other nanowire materials, and various filtration systems for water and gases. In addition,
we have synthesized zeolites including Mordenite Framework Inverted (MFI) type (0.55-nm pores) in
addition to mesoporous silica (3—4-nm pores). We have developed a number of solution-based catalyst
deposition processes. We have demonstrated a growth technique that enables SWNT growth on silicon
substrates, which have been coated with a tungsten barrier layer prior to nickel catalyst deposition in
order to prevent nickel silicide formation. The new SWNT growth technique enables growth at
temperatures as low as 350 °C, which is very silicon fabrication facility friendly and also one of the
world’s lowest demonstrated growth temperatures for the production of SWNTs. Low-temperature
growth (350-490 °C) provides some control of nanotube diameter; however, the control is not as great as
the control observed at higher temperature (530-630 °C). We have initiated a collaboration with Los
Alamos National Laboratory and gained access to equipment for the purpose of chirality determination.
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We have also developed a new single element Raman thermometry (SERT) characterization capability
within Sandia.

Significance:

Perhaps the greatest achievement of this project has been the development of a technique that enables
the creation of free standing ordered nanoporous membranes with aspect ratios of greater than

10,000 to 1. These membranes have many potential uses including growth templates for SWNTs, which
will enable smaller, ultra-low power electronics, the controlled formation of nanowire materials for
sensor applications of interest to DHS and DoD, and various filtration systems for the purification of
both water and gases.

Refereed Communications:

S.J. Limmer, W.G. Yelton, M.P. Siegal, J.L. Lensch-Falk, J. Pillars, and D.L. Medlin, “Electrochemical
Deposition of Biy(Te,Se); Nanowire Arrays on Si,” Journal of Electrochemical Society, vol. 159, pp.
D235-D239, February 2012.
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Development of Electron Nano-Probe Technique for Structural Analysis of

Nanoparticles and Amorphous Thin Films
141514

Year 3 of 3
Principal Investigator: P. Lu

Project Purpose:

In this project, we are developing two transmission electron microscope (TEM)-based pair distribution
function (PDF) methods to analyze the atomic-level structure of nanoparticles (NPs) (<5 nm, crystalline
or amorphous) and amorphous thin films. NPs and amorphous thin films are of great interest for basic
science and energy-related research at DOE. The lack of long-range order in these materials makes
structural characterization techniques based on traditional electron, x-ray, or neutron diffraction no
longer useful. The methods developed in this project are analogous to the two established PDF analysis
techniques of x-ray or neutron scattering and extended x-ray absorption fine structure (EXAFS), but
offer several key advantages, including high spatial resolution (<1 nm), structural mapping capability,
limited demands on sample size and quantity, and readily available access using laboratory-scale
equipment.

We have used several novel approaches in the project, which have allowed us to overcome technical
difficulties associated with analyzing electron scattering data. These approaches include collecting
spectrum-image (SI) electron scattering datasets in scanning TEM (STEM) mode, analyzing the datasets
using a multivariate statistical analysis (MVSA) approach, and integrating molecular structural modeling
with structure determination and refinement. Significant progress has been made in the last eighteen
months, meeting and/or exceeding most of the technical milestones in our project. The focus of the next
year’s follow-on research will be on optimizing the techniques using a new STEM and applying these
techniques to study fundamental materials phenomena such as crystal-amorphous transformations, phase
segregation, and interfacial interactions in conductive metal oxides.

Summary of Accomplishments:

We have developed two electron nanoprobe-based scattering techniques in TEM to analyze PDF for
determination of bonding structure in “ultra” nanomaterials (UNMs), (<5 nm diameter, crystalline or
amorphous) and amorphous thin films. The electron based techniques offers high spatial resolution (<1
nm), with limited demands on materials (a few particles, a single thin film), and with readily available
access to the researcher. Our first approach uses the electron nanoscattering pattern (NSP) in the
diffraction plane to extract local bonding structures, analogues to x-ray/neutron-based PDF. Our second
approach uses the electron scattering equivalent of extended x-ray absorption fine structure (EXAFS),
electron extended energy loss fine structure (EXELFS) of electron energy loss spectroscopy (EELS).
We demonstrated that both techniques were capable of PDF analysis for UNMs and amorphous
materials.

In addition to developing the electron-based PDF technique, we have also developed a hybrid
imaging/diffraction technique that allows structural mapping of nanomaterial composites using the PDF
functions. Our technique combines well-developed spectral imaging methods, NSP PDF analysis, and
the principal component analysis of the NSP scattering dataset and allows for the phase mapping of the
composites that are structurally different but chemically identical or different (e.g., amorphous TiO; vs.
NP TiOy). Finally, the techniques developed in this project were applied to several Sandia projects such
as study of Li insertion in y-Fe,Os3 nanoparticles for battery research. We were able to illustrate directly
the atomic processes of Li insertion in y-Fe,Os using the techniques.
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Significance:

The new technique, developed in this project is unique to Sandia, and provides an important capability
to characterize NPs and amorphous materials, crucial for advancement of nanoscience research and
technology development. This technique stands to impact nearly all fields that currently utilize or study
nanomaterials chemistry. Research programs in NPs and amorphous thin films are closely related to
applications in renewable energy sources, energy storage, and alternative fuel technologies. The
technique directly addresses technical needs for these programs and therefore impacts DOE critical
missions in Energy and Energy transport.

Refereed Communications:
B.D. Gauntt, P. Lu, L. Yan, and Q. Jia, “Atomic Resolution Imaging of SmMnO3/LaAlO3 Interfaces
using AC-STEM,” in Proceedings of the Microscopy and Microanalysis, 2012.

B.D. Gauntt, P. Lu, and E.D. Spoerke, “Probing Short-Range Order in Gamma-Fe203 as a Function of
Ce Addition,” in Proceedings of the Microscopy and Microanalysis, 2012.

P. Kotula, and P. Lu, et al., “Progress with the Sandia Titan G2 80-200 with 0.7sr Integral SDD Array,”
in Proceedings of Microscopy and Microanalysis, 2012.
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Dynamically and Continuously Tunable Infrared Photodetector using Carbon

Nanotubes
141515

Year 3 of 3
Principal Investigator: F. Léonard

Project Purpose:

Infrared (IR) photodetectors play a key role across Sandia mission areas being used for example in
space-based surveillance, thermal imaging, aerial surveillance, and nondestructive imaging of
components. IR detectors rely on pixel arrays, each pixel having a dimension in the ten to twenty
micron range. Pixels are often made of exotic semiconductors like Hg(;.x)Cd,Te because the bandgap
(and thus the sensitivity to different optical wavelengths) can be controlled by varying the composition
x. However, once a composition is chosen, this fixes the sensitivity to a specific range of wavelengths
leading to black-and-white detection. As everyday experience with human vision shows, color detection
improves discrimination significantly, and the same applies to IR detectors. Thus, one important need is
dynamic multiwavelength detection in the IR. Current technology achieves two-color detection at the
pixel level using a triple layer thin film approach, where two films with different compositions contact a
common electrode layer. Unfortunately, this does not provide an obvious path for continuous multi-
wavelength detection. To address this issue, we propose to utilize the unique properties of carbon
nanotubes (CNTs) to demonstrate an infrared pixel with continuously and dynamically tunable
absorption. The concept relies on the fact that the bandgap of CNTs is sensitive to strain, with a change
of 100 meV per percent strain, as demonstrated experimentally and theoretically. By fabricating a CNT
nanoelectromechanical (NEM) device, we will control the strain applied to the CNTs and achieve
tunability of the optical absorption. Such CNT NEMS have been demonstrated with resonant
frequencies of tens of megahertz (MHz), and can thus be rapidly tuned. Our experimental work will be
coupled with theory and modeling of the photophysics of strained CNT devices. Finally, we will test the
radiation hardness of these devices.

Summary of Accomplishments:

We developed new theoretical approaches to calculate the electronic and optical properties of carbon
nanotubes, and included the effects of doping and strain. We discovered unusually large bandgap
renormalization due to doping, which can lead to the decrease of the bandgap by several hundred meVs.
We also found that doping reduces the exciton binding energy by a large amount, but in a continuous
fashion. These effects were explained by the presence of acoustic plasmons that change the electronic
screening.

We developed novel approaches to fabricate supported and suspended carbon nanotube devices, and we
measured their electronic and optoelectronic properties. We discovered unusual reverse and forward
bias behavior under illumination.

We also tested the radiation hardness of nanotube devices by exposing them to gamma and proton
irradiation. We found that the devices are very resistant to radiation, even at very large doses.

Significance:

The work in this project has shown that carbon nanotubes possess unique properties for optoelectronic
devices. The combination of theory and experimental work has identified a number of very promising
R&D areas that could lead to novel types of photodetectors. These photodetectors are critical to many
national security missions, including space-based surveillance for DOE nonproliferation programs.
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Refereed Communications:

C. Spataru and F. Léonard, “Tunable Exciton and Quasiparticle Properties in Doped Semiconducting
Carbon Nanotubes made possible by Acoustic Plasmons,” to be published in Chemical Physics.
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Efficient, High-Voltage, High-Impedance GaN/AlGaN Power FET and Diode

Switches
141517

Year 3 of 3
Principal Investigator: A. G. Baca

Project Purpose:

High-voltage solid-state power conversion technology is a key enabler for increasing the penetration of
renewable-energy electricity sources by virtue of that technology’s ability to enable a wide variety of
power conversion needs: high-voltage DC transmission, DC/AC, AC/DC, or DC/DC conversion for
transmission or distribution. Conventional solid-state power conversion either operates at insufficient
voltage levels or, as in light-triggered thyristors, is costly, lacking sufficient ruggedness and efficiency
to be widely deployed. Conventional bulk drift devices (e.g., Si thyristors) are sufficiently mature that
theoretical and practical limits to breakdown, based on the minimum controllable doping level, have not
significantly changed in 30 years. We propose to study and improve the lateral GaN/AlGaN transistor
because its conductive properties arise from charge polarization effects without intentional doping, and
therefore, may have a considerably higher breakdown limit. The goal is to achieve breakdown beyond
20 kV. Such a goal does not lend itself to an engineering solution because the wide variety of device
structures and material combinations that must be fabricated and tested at high voltages is
uneconomical. Rather, a science-based approach is warranted—studying and understanding the effects
of device design and material combinations on leakage currents that limit breakdown at <5 kV (wafer
probe limit) to build a model that scales beyond 20 kV. The main technical challenges include the
following: understanding the factors limiting breakdown field in these lateral devices, understanding the
role of material, geometry, and voltage on leakage and peak electric fields, as well as the role of surface
passivation.

Summary of Accomplishments:

We discovered a method to increase the average electric field in GaN/AlGaN high electron mobility
transistors (HEMTs) to twice the value previously achieved (and one-third of the theoretical value)
through fundamental science methods (patentable). This work shows that the perceived sweet spot for
GaN/AlGaN HEMT breakdown voltage can be extended beyond 300-600 V.

We also discovered a new type of transistor with GaN/AlGaN HEMTs utilizing the side gate. This side
gate transistor exhibits the following benefits: large on-off current ratio, high transconductance (nearly
equivalent to the conventional transistor), very low off-state leakage current, and very low subthreshold
slope.

Significance:

This work extends the frontiers of engineering in high-voltage power electronic devices. If follow-on
work is successfully realized, these results can enhance DOE/EERE’s and Sandia’s Energy Security
mission by enabling greater penetration of renewable energies on to the electricity grid.
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Electrodeposition of Scalable Nanostructured Thermoelectric Devices with High

Efficiency
141518

Year 3 of 3
Principal Investigator: P. A. Sharma

Project Purpose:

Power generators and refrigerators based on the thermoelectric (TE) effect operate without moving
parts, involve no liquid or gas medium, can be made compact, and are extremely reliable over long time
periods. Despite these advantages and numerous potential applications, current TE devices have limited
uses due to the low efficiency of present bulk materials. Nanostructured TEs have much higher
efficiency but their limited dimensions and costly fabrication makes them useless for most applications.
We seek to create a high-efficiency nanostructured TE material with bulk dimensions using
electrodeposition, a scalable technique. Synthesis is rapid with deposition rates of microns per minute.
Chemistry and microstructure can be reliably varied at the atomic scale by tuning deposition parameters.

While electrodeposited nanostructured TE materials have been demonstrated in the literature, no
attempts have been made at scaling up a process to bulk dimensions. Our main challenge in this area
will be to control nanostructure and chemistry while scaling our deposits to bulk dimensions. Since the
TE properties of electrodeposits are unknown, we will focus on understanding the microstructure-
property relations in electroplated thermoelectrics.

This project directly addresses a technology that could revolutionize refrigeration and power generation.
Present nanostructured TEs are not only limited in scale, but also have, as reported in the literature,
irreproducible properties due to uncontrolled microstructure and carrier doping. Our project focuses on
these two roadblocks simultaneously because if we succeed in fabricating a bulk scale nanostructured
TE, we will then be able to systematically study how nanostructure affects transport using more reliable
bulk measurements.

Summary of Accomplishments:

We focused on two different nanostructures in the BirTes system shown to increase the thermoelectric
figure of merit: 1) superlattices and 2) nanoparticles. We focused on Bi,Tes-based structures, since
these materials possess a high intrinsic ZT~1 and are more commercially relevant. We reported three
different approaches for forming these nanostructures: melt synthesis of naturally occurring Bi,-BiyTe;
superlattices, electrodeposition of Bi,Tes-Sb,Te; superlattices, and surfactant-based, electroless
synthesis of Bi;Te; nanoparticles. We succeeded in forming 50-nm period multilayers using
electrodeposition, achieving a nanoscale grain size in electrodeposited materials, and controlling the size
and stoichiometry of Bi,Tes; nanoparticles. We discovered the origin of low thermal conductivity in Bi,-
Bi,Tes, and also found that this materials system becomes superconducting under large (GPa) pressures,
where the superlattice structure is lost. We succeeded in scaling electrodeposits to a 200-micron
thickness over a large (4-inch diameter) area. We demonstrated that roughness limits the ultimate
thickness of electrodeposits.

Significance:

TE devices are used for power generation and solid-state refrigeration applications, and impact such
areas as vehicle electrification, increasing detector sensitivity through spot cooling, nondestructive
testing, biometrics, night-vision, and remote power sources. They are of interest to DOE/BES Physical
Behavior of Materials Program, as illustrated by a recent Thermoelectricity workshop conducted by the
Office of Science. These results may ultimately impact the development of thermoelectric systems for
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several national security missions. The techniques we have developed should be useful for fabricating
devices and for realizing materials with higher performance than has been achieved previously.

Refereed Communications:

J.L. Lensch-Falk, D. Banga, P.E. Hopkins, D.B. Robinson, V. Stavila, P.A. Sharma, and D.L. Medlin,
“Electrodeposition and Characterization of Nano-Crystalline Antimony Telluride Thin Films,” Thin
Solid Films, vol. 520, pp. 6109-6117, January 2012.

D. Banga, J.L. Lensch-Falk, D.L. Medlin, V. Stavila, N.Y.C. Yang, D.B. Robinson, and P.A. Sharma,

“Periodic Modulation of Sb Stoichiometry in BiyTe;/Bi, «SbyTes Multilayers Using Pulsed
Electrodeposition,” Crystal Growth and Design, vol. 12, pp. 1347-1353, February 2012.
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Greater Than 50% Efficient Photovoltaic Solar Cells
141519

Year 3 of 3
Principal Investigator: J. Wierer

Project Purpose:

We are developing a new photovoltaic (PV) cell structure that will allow solar power conversion of
50%. “Hero” monolithically grown laboratory cells have achieved ~43% efficiency. However, these
cells have a number of constraints that limit efficiency, including lattice matched material requirements
resulting in non-optimum bandgaps and inefficiencies in converting time-varying solar spectra from
series connected cells. To exceed 50% efficiency, we will stack individually grown and connected
junctions. This will avoid degradation due to lattice mismatch, reduce series resistance losses, allow
ideal bandgaps for maximum efficiency, and eliminate current matching so the cell stack can operate
well in any solar spectrum. Key ST&E challenges include development of materials and cells for
junctions of the proper bandgaps, the heterogeneous integration of cells, and developing micro-
concentrators. In parallel, we will also look at InGaN-GaN nanowire architectures that can absorb the
entire solar spectrum.

To exceed 50% photovoltaic efficiency, we are creating a stacked structure of individually grown and
contacted cells, avoiding lattice and current matching requirements. We will first develop a three-
junction cell comprised of Si, GaAs, and InGaP. These junctions will be assembled within a receiver
substrate and packaged with integrated concentrating optics, putting significant effort in developing the
optical system to minimize optical losses in the cell stack and achieving efficiencies approaching 50%.
Next, we will develop a four-to-five-junction cell of InGaAs, Si, GaAs, InGaP, and possibly InGaN.
The development of the InGaN junction will require developing new growth techniques to achieve the
desired bandgap using strain-relief structures and nanowire architectures. Finally, graded-InGaN/GaN
core-shell nanowire structures will be developed that absorb the entire solar spectrum in a single
junction.

Summary of Accomplishments:

A solar cell based on a III-nitride hybrid nanowire-film architecture was demonstrated. It consisted of a
vertically aligned array of InGaN/GaN multi-quantum well core-shell nanowires, electrically connected
by a coalesced p-type InGaN canopy layer. This hybrid structure allowed for standard planar device
processing, solving an important challenge with nanowire device integration. It also enabled various
advantages such as higher indium composition, InGaN layers via elastic strain relief, efficient carrier
collection through thin layers, and enhanced absorption via nanophotonic light trapping. This proof-of-
concept nanowire-based device presents a path forward for high-efficiency Ill-nitride solar cells.
Fabricated III-nitride nanowire solar cells exhibited a photoresponse out to 2.1eV and short circuit
current density of ~1 mA/cm® (1 sun AM [air mass] 1.5 G [global]).

Significance:

This is a first demonstration of an IlI-nitride nanowire array solar cell, addressing the interests of DOE’s
Energy Efficiency and Renewable Energy (EERE) program in photovoltaics. It shows a pathway
forward for higher efficiency IlI-nitride nanowire solar cells. It has generated new intellectual property,
and places Sandia in a position for similar follow on programs. This IlI-nitride nanowire
accomplishment could be beneficial to Sandia within a 5-10 year timeframe.
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Refereed Communications:

G.T. Wang, Q. Li, J.J. Wierer, J. Figiel, J.B. Wright, T.S. Luk, and I. Brener, “Top-Down Fabrication of
GaN-Based Nanorod LEDs and Lasers,” in Proceedings of SPIE 8278, Light-Emitting Diodes:
Materials, Devices, and Applications for Solid State Lighting XVI, 2012.

J.J. Wierer, Jr., Q. Li, D.D. Koleske, S.R. Lee, and G.T. Wang, “IlI-Nitride Core—Shell Nanowire
Arrayed Solar Cells,” Nanotechnology, vol. 23, p. 194007, 2012.
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Microfabricated Nitrogen-Phosphorus Detector: Chemically Mediated Thermionic

Emission
141520

Year 3 of 3
Principal Investigator: R.J. Simonson

Project Purpose:

Selective ionization of organic molecules that contain group five heteroatoms occurs on or near the
surface of thermionic emission cathodes. This phenomenon has been exploited for many years to make
highly selective nitrogen-phosphorus detectors (NPDs) for hazardous gases. In spite of this long history,
the details of this chemically mediated surface emission phenomenon are poorly understood. While the
N- and P-sensitivity of such devices can exceed that for other hydrocarbons by 10,000X, the NPD signal
current ultimately depends on the transfer of electrons across the surface potential barrier of the
thermionic cathode (emitter). As military and homeland security needs drive requirements for smaller
and more powerful detection technologies, operational problems, including limited source lifetime and
high power consumption, become increasingly severe. This necessitates the development of a new
micro-NPD. These devices will improve selectivity, speed, sensitivity, and portability of detectors for
explosives, toxic industrial chemicals (TICs), and chemical warfare agents.

Two classes of competing mechanisms have been described in the literature to account for the
chemically selective ionization observed in NPDs: 1) gas-phase ionization models and 2) surface
mediated electron emission. The latter mechanism is considered more likely based on a review of the
literature. In order to both investigate the proposed surface-mediated ionization mechanism and to
improve performance of microfabricated NPDs, we conducted a systematic study of novel candidate
thermionic emission materials. Efforts were primarily concentrated on sol-gel deposited alkali-doped
high-porosity silicate films. The performance and stability of these cathode emitter films were measured
by a combination of methods, including direct measurement of surface variations in work function of
novel materials by scanning probe methods, systematic correlation of novel cathode material
composition and microstructure with both work function and NPD performance, and the design and test
of novel microfabricated cathode structures for micro-NPD applications.

Summary of Accomplishments:

Our team synthesized and characterized a novel set of Group I and II metal alkoxide precursor
compounds as potential solution-phase dopants for sol-gel derived metal silicates. We also developed
and tested two new designs for microfabricated heater substrates capable of operation in air at
temperatures up to approximately 800 °C. These devices allowed us to test the thermionic sensor
response of sol-gel derived cathode emitter films in atmosphere. Both the amplitude of sensor response
and the selectivity of the thermionic emission current for different classes of organic vapors were
measured.

Significance:

The selectivity of the microfabricated NPD detectors toward toxic vapors containing nitrogen,
phosphorus, or halogen heteroatoms as compared to hydrocarbons has direct impact on the development
of portable instrumentation for the detection and identification of chemical warfare agents as well as
other compounds of interest to US government agencies, such as DHS and the defense threat reduction
agency (DTRA). The national security missions of military force protection, weapons nonproliferation,
and homeland security will, therefore, benefit from these results. DTRA has expressed interest in
further development of this sensor technology.
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Refereed Communications:
T.J. Boyle, L.A. Steele, A.M. Saad, M.A. Rodriguez, T.M. Alam, and S.K. McIntyre, “Structural

Diversity in a Series of Alkyl-Substituted Cesium Aryloxides,” Inorganic Chemistry, vol. 50, pp.10363-
10370, October 2011.

T.J. Boyle, L.A. Steele, and A. Saad, “Synthesis and Characterization of the Heavy Alkaline Earth
Aryloxide Cogeners,” Inorganica Chimica Acta, vol. 394, pp. 259-268, January 2013.
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Nanoporous Polymer Thin Films from Tri-Block Copolymers
141521

Year 3 of 3
Principal Investigator: J. G. Cordaro

Project Purpose:

Our goal in this project was to create new nanoporous polymer membranes by designing and making
block copolymers that would self-assemble into thermodynamically favorable, ordered nanodomains
suitable for chemical modification in order to control transmembrane transport properties. The project
combined our expertise in polymer synthesis, computational modeling, fabrication and characterization
of thin films, and membrane testing. Current membrane applications are limited by poor ion-selectivity,
environmental conditions, difficult and expensive manufacturing techniques, ill-defined nanostructure,
and weak mechanical properties. By controlling the morphology and pore selectivity on the nanoscale,
many such limitations may be overcome. Furthermore, by decoupling the mechanical and chemical
components of the membrane, improved performance, including longer lifetimes, greater specificity, and
altogether novel behavior from these new membranes could be realized. Ultimately, robust thin-film
polymer membranes with chemically tunable properties were the goal of this research.

Summary of Accomplishments:

Our efforts thus far have led to the development of computational method for predicting polymer

morphology, the synthesis of numerous macroinitiators and block copolymers, and phase-identification

of polymer thin-films using x-ray scattering techniques and electron microscopy.

*  We demonstrated that triblock polymers could be synthesized in three steps from commercially
available starting materials. These materials were not available at the onset of this project.

*  We showed that triblock polymers could be functionalized, first with an azide and second with a
pyrene dye, after performing a Huisgen cycloaddition reaction. This new polymer was characterized
using nuclear magnetic resonance and ultraviolet visible (UV-Vis) spectroscopy and size-exclusion
chromatography.

*  We demonstrated that block polymers could be selectively deuterated using an iridium catalyst. This
opens up the possibility of selectively enriching one microdomain of a polymer with deuterium,
which will greatly improve the signal-to-noise in neutron scattering experiments.

* We discovered that re-initiation of nitroxide-mediated polymerization (NMP) macroinitiators under
thermal polymerization conditions does not proceed as efficiently as needed to make triblock
polymers.

*  We built a model that shows that fast evaporation of solvent cast block polymer films yields
perpendicular alignment of the morphology.

*  We realized that small-angle x-ray scattering (SAXS) measurements using a 1D detector are of poor
quality compared to a dedicated SAXS instrument, which is not available at Sandia.

*  We characterized polymer thin films using three different instruments for comparison. From these
studies we learned that a dedicated SAXS instrument is probably essential to performing proper and
time-efficient characterization techniques of polymers.

Significance:

Our work has improved our capabilities in three core technical areas that align with the DOE mission of
scientific discovery and innovation. First, our ability to synthesize and characterize polymers has been
greatly enhanced over the course of this project. Second, we employed self-consistent field theory
calculations to help model the phase behavior of block polymers. This approach will lead to a better
understand of polymer morphology and enable us to design better materials via tuning the structural-
functional relationship. Third, we utilized high-energy particles (x-ray, neutrons, and electrons) to probe
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the solid state structures of polymer films. This technique is critical for our understanding of materials
properties, especially in aging.
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Surface Engineering of Electrospun Fibers to Optimize Ion and Electron Transport

in Li" Battery Cathodes
141522

Year 3 of 3
Principal Investigator: N. S. Bell

Project Purpose:

The purpose of this research is to understand and find a solution to degradation of a lithium-ion cathode
material in order to improve lifetime cycling and reliability of batteries. We are investigating LiMn,O4
(spinel lithium manganese oxide [LMO]), a commonly researched cathode material. In practice, this
material experiences several degradation mechanisms ranging from capacity fading, the Jahn-Teller
distortion phenomenon leading to dissolution in the electrolyte phase, and the formation of surface films
by degradation of the electrolyte, and/or phase transitions at the surface to form Mn,Os.

This project is developing fiber synthesis techniques for the formation of the active material, and a
continuous method for coating the core with a shell of protecting material to allow for stabilization of
structural and electrochemical properties. Sol-gel chemistries for the synthesis of LMO and zirconia
have been implemented to generate these fiber morphologies. The electrospinning process and the new
force spinning process have been applied successfully to form these fibrous materials. Characterization
of the cycling degradation of the core LMO phase has been studied using scanning tunnel microscopy
(STM) of these fibers in electrolyte, on a gold-coated substrate. This provides the first direct evidence of
processes occurring at the interface, such as dissolution of the active material, facet development,
decomposition of the electrolyte to form a surface electrolyte interface (SEI) layer, or the formation of
Li alcoxides/carboxylates. Computational modeling of the degradation of the battery electrolyte fluid
over LMO surfaces has been initiated, and will extend to ceramic passivating materials as candidates for
the protective shell oxide. The project is developing the knowledge of these materials so that the
degradation mechanisms of the active energy-storage material can be understood and is also developing
a protective interface that resists these processes through optimization to permit rapid Li" transport,
good e-conductivity, a stable interface, and prevention of the solid-electrolyte interphase (SEI) layer.

Summary of Accomplishments:

In this project, we:

* developed novel techniques for forming fiber based, core-shell cathode materials,

* developed a new capability for in situ electrochemical study of the operational degradation of the
cathode material, and

* calculated theoretical pathways for the decomposition of the lithium-ion battery electrolyte, as well
as the dissolution of the manganese ion into the solvent, with reprecipitation as inactive material.

We directly observed the degradation mechanism in electrochemical cycling for the first time, and novel
methods for forming core-shell cathode materials were developed and submitted for patent protection.
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Significance:
The development of new techniques for in situ observation of material viability during electrochemical

cycling adds a significant capability to Sandia research, as do new capabilities in fiber material
processing, which can be extended to application across a wide class of materials (ceramics, metals,
polymers) and applications, including energy storage, energy collection and transport, and thermal
processing. Reflecting the DOE theme of scientific discovery and innovation, these developments will
impact fundamental science in electronics, energy storage, composite materials, photovoltaics, catalysis,
and materials processing.
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Understanding the High Temperature Limit of THz Quantum Cascade Lasers

(QCLs) Through Inverse Quantum Engineering (IQE)
141523

Year 3 of 3
Principal Investigator: 1. Montano

Project Purpose:

This project will answer the following question: Is there a fundamental maximum operating temperature
for Terahertz quantum cascade lasers (THz QCLs)? The answer will have significant impact on
determining what applications THz QCLs can address. Although the maximum operation temperature
increased rapidly after THz QCLs were first invented in 2001, there has been very little improvement
over the past few years and the maximum operating temperature achieved (185 K) still requires
cryocooling. The slow progress has led many to speculate that the maximum operating temperature is
fundamentally limited by the ratio of the photon energy to the thermal energy in the system (hv/kT >1).
While much data seems to fit this theory, recent results have significantly weakened, perhaps even
disconfirmed, the hypothesis and no good theories have yet replaced it. Many studies have explored
how different design parameters affect laser performance, but with the existing techniques there has
been limited direct connection between the studied parameters and the laser physics. This use of
indirect measurements has resulted in a lack of systematic understanding. In this project, we are using
the unique capabilities of our inverse-quantum-engineering (IQE) algorithm to systematically
disentangle temperature-dependent, performance-limiting physics from the many interdependent
material parameters of THz QCLs.

Summary of Accomplishments:

In this project, we showed that our IQE algorithm allows creation of model families of designs that
isolate targeted experimental effects, thus allowing direct investigation of specific physical mechanisms
and their often complicated and counterintuitive interplay.

We used IQE to design two sets of frequency-shifted THz QCL lasers (i.e., two families of lasers with
all parameters identical except for the lasing frequency). By growing, fabricating, and measuring the set
of lasers, we obtained experimental proof that our IQE algorithm is capable of successfully frequency-
shifting a given THz QCL design. Furthermore, the sets of frequency-shifted lasers gave us
unprecedented experimental access to a model system perfectly suited to isolate and directly investigate
the impact of the laser frequency on laser performance. We showed that the maximum operating
temperature depends more on the specifics of the design itself than on the actual lasing frequency. This
experimental result not only questions the still widely believed hypothetical hv/kT >1 limit, but
furthermore, is a first important step in understanding the temperature dependence of THz QCLs.

With the goal to also investigate the temperature dependence theoretically, we additionally developed a
k-resolved, fully microscopic, quantum kinetic performance simulator that takes into account carrier-
field interactions, carrier-phonon interactions, carrier-impurity interactions, and carrier-carrier
interactions including both diagonal and non-diagonal correlation contributions. Including numerically
highly demanding features such as multisubband screening, the nonequilibrium phonon distribution, and
scattering to energetically higher subbands, we were able to achieve excellent agreement with in-house
measurements. We showed that the developed simulator, which in contrast to previously existing
simulators does not depend on any fit parameters, correctly predicts the current density for a wide range
of lattice temperatures and applied voltages. Initial theoretical results from studies investigating the
impact of the laser frequency on laser performance are consistent with our experimental results showing
the importance of design specifications.
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Significance:

This project created deeper theoretical understanding of the interplay between physical mechanisms that
control the behavior of complex heterostructure devices. The immediate impact addresses Sandia’s
interest in the physics of nanoscale structures and phenomena, as well as in tool development, and will
have longer-term impact on microdevices and microsystems. The physics is relevant to many
intersubband devices such as mid-infrared (MIR) QCLs, advanced MIR detectors, thermal-photovoltaics
and thermal energy harvesting. These will impact many national security applications. Most
specifically, the developed IQE design tool allows the design of THz QCLs for screening applications,
component inspection, and molecular identification applications in support of the programs of agencies
such as DHS and DTRA.
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MBE Growth and Transport Properties of Carbon-Doped High-Mobility Two-

Dimensional Hole Systems
141933

Year 3 of 3
Principal Investigator: J. L. Reno

Project Purpose:

This research, in collaboration with Purdue University, involves the study of molecular beam epitaxy
(MBE) growth, device fabrication, and transport properties of 2D-hole systems (2DHS) in carbon doped
GaAs heterostructures. The research will be of interest to a wide audience of researchers in physics,
electrical engineering, and materials science, given that the project involves fundamental research in
materials growth, novel devices in electronics and spintronics, as well as low-dimensional systems for
use in fundamental physics research.

Historically, hole systems have not been as extensively studied as electron systems due to the lack of an
ideal p-type dopant, which resulted in hole samples having a lower material quality than comparable
electron systems. However, recent advances in the use of carbon as a p-type dopant have enabled the
growth of hole systems that are of significantly increased quality. We are pursuing a systematic growth
study of these hole systems to determine the fundamental limits of material quality, specifically hole
mobility, of carbon doped GaAs quantum structures. This has both scientific and technological
relevance. First, low-density hole systems simultaneously exhibit strong carrier-carrier interactions with
strong spin-orbit coupling, which is of interest to physicists studying spin-related phenomena. Second,
the lower hyperfine coupling of holes (as compared with electrons) to atomic nuclei is important for
applications in spintronics and solid state quantum computation, both of which require spin systems that
are decoupled from their environments.

Summary of Accomplishments:

Facilitation of the lab, set-up of vacuum systems for outgassing cells and gallium purification, installing

and rendering operational a new MBE system, and set-up of a “He cryostat and a dilution refrigerator for

sample characterization were accomplished.

* 2DHS have been grown and characterized that demonstrate fraction quantum Hall effect (FQHE)
physics that is among the best in the world.

* It was found that, unlike electron mobility, hole mobility follows complicated density dependence
due to the interplay of interface roughness scattering, remote impurity scattering, alloy scattering,
and background impurity scattering.

¢ The maximum 2 DEG mobility achieved thus far: 22 x 10® cm®/V's.

* A record was set for largest energy gap (570 mK) of the v=5/2 fractional quantum Hall state.

Significance:

Utilizing a new high mobility GaAs growth facility at the Birck Nanotechnology Center (BNC) at
Purdue University, a systematic investigation of MBE growth of carbon-doped high mobility two-
dimensional hole systems (2DHS) was performed. New physics and new device applications often
follow from advances in material synthesis. The recent development of efficient resistive carbon doping
filaments allow for the construction of extremely high quality two-dimensional hole systems on the high
symmetry (100) face of GaAs. The initial studies focused on determining the parameters that presently
limit low temperature mobility in carbon-doped 2DHS. These studies are relevant to DOE missions in
both scientific discovery and innovation and in alternative energy technologies.
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Refereed Communications:

N. Samkharadze, J.D. Watson, G. Gardner, M.J. Manfra, L.N. Pfeiffer, K.W. West, and G.A. Csathy,
“Quantitative Analysis of the Disorder Broadening and the Intrinsic Gap for the v=5/2 Fractional
Quantum Hall State,” Physical Review B, vol. 84, p. 121305(R), September 2011.

A.T. Hatke, M.A. Zudov, J.D. Watson, and M.J. Manfra, “Magnetoplasmon Resonance in a Two-
Dimensional Electron System Driven into a Zero-Resistance State,” Physical Review B, vol. 85, p.
121306(R), March 2012.

J.D. Watson, S. Mondal, G. Gardner, G.A. Csathy, and M.J. Manfra, “Exploration of the Limits to
Mobility in Two-Dimensional Hole Systems in GaAs/AlGaAs Quantum Wells,” Physical Review B, vol.
85, p. 165301, March 2012.

J.D. Watson, S. Mondal, G.A. Csathy, M.J. Manfra, E.H. Hwang, S. Das Sarma, L.N. Pfeiffer, and K.W.

West, “Scattering Mechanisms in a High-Mobility Low-Density Carbon-Doped (100) GaAs Two-
Dimensional Hole System,” Physical Review B, vol. 83, p. 241305(R), 2011.
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Metrology of 3D Nanostructures
142440

Year 3 of 3
Principal Investigator: R. Boye

Project Purpose:

The goal of this project is to develop techniques for the inspection of 3D nanostructures, in collaboration
with University of Colorado-Boulder. Such structures are critical for novel nanomanufacturing with
potential applications including metamaterials, volume optics, nanoelectromechanical systems, photonic
crystals, optical circuits, and other devices that control light propagation at the micro- and nanoscale.
However, better metrology methods are necessary to properly characterize and inspect these devices,
particularly as these structures expand in volume and shrink in feature size. The feature sizes that can be
fabricated are already several times smaller than the wavelength of visible light and are beyond the
resolution limit of a standard microscope (scanning electron microscopes can be used to form high-
resolution images, but are limited in terms of sample preparation, speed, and cost). Current super-
resolution techniques are specifically tailored to biological applications. However, the methods will
have to be adapted to solve the unique problems presented in materials metrology.

We are using quantum dots as the fluorescent emitters. Quantum dots have many unique optical
properties that make them favorable choices as emitters, but the most significant difference compared to
other emitters is their temporal characteristics. Due to the presence of trap states, the quantum dots
randomly switch between bright and dark states. This blinking is typically viewed as a disadvantage;
however, this property can be exploited as a contrast mechanism to differentiate between two closely
spaced dots. Fortunately, many of these optical and computational techniques can be applied to a wide
range of problems. Obviously, samples that do not emit their own light must be labeled with emitters.
In other cases, the sample under test is already emitting light, and a system could be designed and
constructed to exploit this emission to precisely determine the location of these objects in 3D. An
example would be ions emitting at 397 nm in a surface ion trap setup.

Summary of Accomplishments:

We developed a super-resolution technique to resolve dense clusters of blinking emitters. The method
relies on two basic assumptions: the emitters are statistically independent, and a model of the imaging
system is known. We extended a current technique known as Independent Component Analysis (ICA)
to allow for an unknown number of quantum dot emitters to be resolved. We numerically analyzed the
performance limits of the method as a function of the emitter density and the noise level. Numerical
simulations showed that five closely packed emitters can be resolved and localized to a precision of

17 nm. The experimental resolution of five quantum dots located within a diffraction-limited spot
confirms the applicability of this approach.

Significance:

This project will advance the DOE’s goal of improving nanophotonics technology by improving 3D
inspection techniques. Sandia’s expertise in creating large nanostructured samples requires matching
techniques for inspection and metrology in 3D. Moreover, optical imaging with 3D super-resolution
well beyond the wavelength of light has applications in medicine, biology, materials science, and
nanofabrication inspection in both research and industrial settings.
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Refereed Communications:
A.J. Barsic and R. Piestun, “Superresolution of Dense Quantum Dot Clusters using Independent
Component Classification,” in Proceedings of the Computational Optical Sensing and Imaging, 2012.
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Enabling Self-Powered Ferroelectric Nanosensors: Fundamental Science of

Interfacial Effects under Extreme Conditions
142543

Year 3 of 3
Principal Investigator: J. Ihlefeld

Project Purpose:

Physically small and unobtrusive devices that can sense and report on their environment without relying
on external power sources (batteries) would be of benefit to both US industry and DOE programs.
Ferroelectrics are ideal candidate materials for compact sensors because their coupled electro-physical
properties mean that they could potentially draw power (via piezoelectric energy harvesting) from the
environments that they are sensing. Advances in fabrication have made possible the thought of
economical nanosensors based on ferroelectrics. To be a viable technology, there are several challenges
that must be addressed including: incomplete knowledge of the effects of corrosive environments on the
materials used, radiation damage on material performance, and mechanisms controlling nanoscale
interfacial microstructure and chemical homogeneity, which will impact performance. Knowledge is
incomplete in many of these areas owing, in part, to limited tools to study these features and the lack of
a cohesive team of diverse background to perform research. This project assembles such a team that is
evaluating the intrinsic effects of aggressive environments on ferroelectric performance and
ferroelectric-electrode interface integrity, factors that are critical to determining the feasibility of
developing and deploying the envisioned self-powered sensors.

This project is developing and leveraging in situ characterization tools to understand ferroelectric
material and interface degradation in real time. These real-time studies have not previously been
performed on these complex materials systems and only through this kind of information can the
mechanisms that affect ferroelectric performance be understood. Only through fundamental
understanding of the mechanisms regulating material and interface degradation in aggressive
environments can reliable devices be developed and deployed. This project is identifying these
mechanisms and enabling development of a deployable nanosensor technology. We are collaborating
with a team of university experts in corrosion, nuclear engineering, and ferroelectric structural
characterization, their expert research complementing the ferroelectric synthesis and characterization
expertise of Sandia.

Summary of Accomplishments:

*  We have developed new in situ x-ray diffraction characterization techniques to monitor film phase
assemblage and texture development during crystallization.

*  We determined the sequence of phase formation in lead zirconate titanate (PZT) thin films on
platinized silicon substrates during crystallization at multiple heating rates. We have identified the
precursor phase to be pyrochlore and not fluorite, as has been reported by previous researchers.

* We have also shown that lead-platinum intermetallic phases do not appear to contribute to film
texture; film heating rate and substrate metallization appear to have a strong influence on final film
crystallization texture.

*  We demonstrated a new substrate metallization technology that enables chemical gradient free films
with improved ferroelectric performance.

*  We developed a new scanning microdroplet electrochemistry analysis instrument to study
electrochemistry of thin films.

*  We developed the first known Pourbaix diagram for PZT.
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* We have identified the role of film defects on the corrosion resistance of PZT films in sulfuric acid;
elimination of defects is necessary to prevent film degradation.

* We have developed an understanding of the role of film stoichiometry on corrosion resistance to
sulfuric acid environments: titanium-rich films are more resistant to degradation than zirconium-rich
compositions.

* We have developed an understanding of the effect of initial film quality on its resistance to
degradation in neutron radiation-rich environment: films with low leakage currents and well-defined
polarization response are more resistant to degradation than films of lesser quality.

Significance:

The scientific understanding developed by Sandia and our university partners will substantially impact
DOE, DHS, DoD, and other agencies interested in the future development of unobtrusive self-powering
sensors. For example, knowing exactly how these nanoscale systems respond in a variety of radiation
environments will assist with the evaluation of materials for satellite systems, as well as for potential
unattended sensors to monitor the transport of illicit radioactive material. Furthermore, stability of such
nanoscale materials systems in corrosive chemical environments, particularly those relevant to marine
and/or petrochemical applications, will be of great interest to DoD as well as US industry.

Refereed Communications:

L. Small, C. Apblett, J.F. Thlefeld, G. Brennecka, and D. Duquette, “Electrochemical Response of
Ferroelectric PbZr 5,Ti94303 Thin Films,” Journal of the Electrochemical Society, vol.159, C357-C363,
2012.

L. Small, A. Cook, C. Apblett, J.F. Thlefeld, G. Brennecka, and D. Duquette, “An Automated
Electrochemical Probe for Evaluation of Thin Films,” Journal of the Electrochemical Society, vol. 159,
F87-F90, 2012.

J.F. Ihlefeld and C.T. Shelton, “Chemical Homogeneity Effects on the Nonlinear Dielectric Response of
Lead Zirconate Titanate Thin Films,” Applied Physics Letters, vol. 101, p. 052902, July 2012.

C.T. Shelton, P.G. Kotula, G.L. Brennecka, P.G. Lam, K.E. Meyer, J-P. Maria, B.J. Gibbons, and J.F.

Ihlefeld, “Chemically Homogeneous Complex Oxide Thin Films via Improved Substrate Metallization,”
Advanced Functional Materials, vol. 22, pp. 2295-2302, June 2012.

132



Sandia National Laboratories 2012 LDRD Annual Report

Integration of Block-Copolymer with Nanoimprint Lithography: Pushing the

Boundaries of Emerging Nanopatterning Technology
145832

Year 3 of 3
Principal Investigator: G. L. Brennecka

Project Purpose:

The rapid pace of innovation enabling Moore’s Law (doubling transistor density every ~1.5 years) is
critical to our nation’s technological leadership and economic security. To maintain this pace, the
International Technology Roadmap for Semiconductors (ITRS) prescribes, by 2022, an 11-nm half-pitch
for dense patterns and 4.5-nm critical dimensions. Current 193-nm immersion optical lithography can
print ~40-nm half-pitch and may reach 20 nm with double patterning. Extreme ultraviolet (EUV)
lithography persistently raises doubts due to the costly complete change of infrastructure. Therefore,
alternative lithographic pathways to the extreme nanoscale ITRS goals are needed. In this project, we
will direct the self-assembly of block copolymers (BCP) into device-oriented patterns fabricated by
optical interference lithography (IL), use those self-assembled BCP patterns as masks to create
nanoimprint lithography (NIL) masters via plasma etching, and fabricate prototype devices using this
combined “top-down” and “bottom-up” approach.

BCP-based patterning techniques excel at extreme nanoscale feature definition but have significant
limitations related to defect density, long range order, and the fabrication of multiple feature types on a
single wafer. Using IL-directed BCP, we will achieve long range order across device-relevant
dimensions, and by building up a single NIL master from multiple IL+BCP directed self-assembly
(DSA) coupons, we will be able to fabricate essentially arbitrary patterns of extreme nanofeatures
unencumbered by optical diffraction limitations. Extensive metrology associated with relevant
characteristics (critical dimensions, line edge roughness, pattern fidelity, defect density and distribution,
etc.) at every stage of the process will provide guidance about the eventual feasibility of this approach.
This project is the first combination of IL with BCP and NIL technologies, and will define the limits of a
combined top-down/bottom-up lithography approach for use in commercial applications including
integrated circuit manufacture.

Summary of Accomplishments:
While we had difficulty integrating all aspects of the project into a single ideal process flow, a pair of
proxy applications was selected to demonstrate the integration of pairs of the technologies.

Wire grid polarizers (WGP) for use at ultraviolet (UV) wavelengths were demonstrated using
interference lithography on fused silica and Al evaporation. Even though the microscopic structure of
the initial WGP samples were suboptimal, we were still able to achieve extinction ratios between the
allowed/rejected polarization of >100 from the mid-UV (300 nm) out through the visible, demonstrating
the potential of this approach.

Block copolymer-defined features of ~20nm were transferred into Si for nanoimprinting, then the
residual poly(methyl methacrylate) (PMMA) layer at the bottom of the holes was removed by an oxygen
plasma inductively-coupled reactive ion etch. One nm of Cr and 5 nm of Au were e-beam evaporated
onto the imprinted substrate, followed by liftoff to leave behind Au nanodots which were successfully
demonstrated as effective substrates for surface enhanced Raman scattering (SERS) using

Rhodamine 6G (R6G) molecules adsorbed onto the device surface. Initial results show varying defects
and imperfections that resulted from each pattern transfer step, but even the imperfect features produced
several orders of magnitude enhancement in Raman scattering response.
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We were able to bring some level of block copolymer directed self-assembly capabilities to Sandia and
demonstrated the first-ever integration of interferometric lithography with the directed self-assembly of
block copolymers. We also developed in-house recipes for etching of tiny features in unusual materials
and bilayers, and our University of Wisconsin collaborators were able to demonstrate the critical
importance of surfaces during direct self-assembly of block copolymers via coupled experiment and
simulation.

Significance:

Demonstration of the integration of interferometric lithography and directed self-assembly of block
copolymers was an important technological step forward, and the large number of publications resulting
from the block copolymer aspects in particular demonstrate the frontier science that resulted from this
project, results that are relevant to DOE’s mission in scientific discovery and innovation. Advanced
lithography is critical to our nation’s technological leadership and economic security.

Refereed Communications:
U. Nagpal, M. Muller, P.F. Nealey, and J.J. de Pablo, “Free Energy of Defects in Ordered Assemblies of
Block Copolymer Domains,” to be published in ACS Letters.

B.L. Peters, A. Ramirez-Hernandez, D.Q. Pike, M. Miiller, and J.J. de Pablo, “Non-Equilibrium

Simulations of Lamellae Forming Block Copolymers under Steady Shear: A Comparison of Dissipative
Particle Dynamics and Brownian Dynamics,” to be published in Macromolecules.
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Scalable Assembly of Patterned Ordered Functional Micelle Arrays
146152

Year 3 of 3
Principal Investigator: H. Fan

Project Purpose:

Successful multiscale patterning (micro- to nanometer) with precision, speed, and reproducibility at the
nanoscale is crucial for rapid evolution in computer logic, memory, metamaterials, photonic crystals,
plasmonics, energy harvesting and storage, and nano-bio applications. Significant advances in
nanopatterning technology combine “bottom-up” directed self-assembly with “top-down” lithographies,
producing sub-100 nm features. However, control of nanoscale structures in the third dimension
remains an unsolved challenge. Significant technical difficulties include scalable, cost-effective, and
rapid fabrication of reliable patterns with low defect densities and long-range order in various materials
systems. In this project, we are studying self-assembly of amphiphilic molecular micelles to form large-
area arrays on patterned surfaces, and in 3D nanoscale templates with an emphasis on compatibility with
semiconductor processing for future device integration. Amphiphilic molecules form monodisperse
micelles with sizes precisely defined by molecular chain length of each amphiphilic molecule, ranging
from 5-50 nm. Evaporation of micellar solutions leads to highly ordered large-area micelle arrays.
Dynamic micelle assembly operating under the influence of physical 1D-3D topographical templates
with characteristic dimensions integer multiples of one to five times the micelle diameter will provide a
means to spatially control long-range order and to direct micelle assembly into predefined hierarchical
configurations. Through encapsulation, various metal, semiconductor, or magnetic nanoparticles can be
introduced into the hydrophobic interior, providing unprecedented engineering of robust hybrid
functional 1D-3D micelle arrays and their collective electronic, optical, or magnetic behaviors. For
example, although the behavior of periodic dielectric structures, so-called “photonic crystals,” are quite
well understood, the response of metallo-dielectric structures with coupled collective plasmonic and
dielectric responses are quite poorly understood, despite their great potential application in advanced
devices. Precise nanoscale patterning of these arrays will enable fabrication of controlled nanostructures
for devices such as surface enhanced Raman sensors and photonic crystals.

Summary of Accomplishments:

Monodisperse fluorescent organic/inorganic composite nanoparticles were synthesized through
spontaneous self-assembly of block copolymer polystyrene-b-polyvinylpyridine and rare earth ions
(Europium, Terbium, Thulium, etc.). Depending on the rare earth ions selected, tunable light emission
colors, including the primary red, green, and blue colors, have been accomplished. Further, by
stoichiometric mixing of nanoparticles that emit different colors, the full color spectrum can be
accessed. Both electron microscopy and spectroscopic characterizations confirm specific interactions of
rare earth and the block copolymers. The resulting nanoparticles are monodisperse as characterized by
dynamic light scattering. They are very stable and can be dispersed in common solvents and, together
with homo-polymers, form ordered arrays and thin films (both supported and free standing) upon
solvent evaporation. The resulting nanoparticle thin films exhibit mechanical flexibility for ease of
processing or device integration.

We have demonstrated the unique assembly properties of dynamic micellar nanoparticles by combining
a top down lithographic nanopatterning technique with a solution-based bottom up self-assembly. The
templates for the directed self-assembly of the micelles consisted of arrays of cylindrical recess features
fabricated by nanoimprint lithography. Silica was coated on this patterned substrate and subsequently
selectively functionalized with a positively charged molecular monolayer
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(N-(3-Trimethoxysilylpropyl) diethylenetriamine) to regulate the micelle-surface interactions. The self-
assembled polystyrene-b-poly(4-vinyl pyridine) micelles were approximately 325 nm in diameter in
aqueous solutions (pH = 2.5) and 50 nm in diameter in the dry state. The average number of micelles
assembled per feature increased from less than 1 to 12 with increasing feature diameter in the range of
200 nm—1pum. Using a 2D model for maximum packing of circles in circular host features, the effective
sphere size of the micelles during assembly was calculated to be 250 nm in diameter. Thus, the micelles
exhibited three characteristic sizes during assembly, 325 nm in bulk solution, 250 nm during assembly,
and 50 nm in the dry state.

Significance:

This work provides bottom-up methods in the synthesis and control of matter on multiple length scales.
The new nanostructures and the degree of control would provide benefits to energy and national security
applications. Fabrication of scalable patterned structures and facile and scalable self-assembly processes
for ordered arrays, and their use as templates for metallic nanostructures in energy storage, photonic, and
sensor applications, will impact DOE and DHS missions in national security.
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Characterization of Failure Modes in Deep UV and Deep Green LEDs Utilizing

Advanced Semiconductor Localization Techniques
147374

Year 3 of 3
Principal Investigator: M. A. Miller

Project Purpose:

Group III-nitride light emitting diodes (LEDs) are currently available with wavelengths from the deep
ultraviolet (UV) to the deep green. The alloys of AIN, GaN, and InN possess tunable direct band gaps
and have the potential to emit in the entire visible spectrum and well into the UV. In order to broaden
the commercial availability of IlI-nitride LEDs, reliability, lifetimes, and low efficiencies in the deep
UV and green must be improved. These parameters are tightly coupled to key materials issues including
the lack of non-native substrates, alloy separation during growth, the presence of non-radiative defects
within the active region, and inefficient p-type doping and hole-injection. Low growth temperatures
required for higher indium compositions lead to poor crystalline quality and increased structural defect
densities (V-defects) in green LEDs. Deep green and deep UV LEDs, which embody the ends of the
present-day IlI-nitride LED spectrum and exhibit the lowest efficiencies, stand to benefit the most from
reliability and failure analysis (FA) studies. Recent efforts to pinpoint a specific cause for short
lifetimes and poor reliability in deep green and deep UV LEDs have utilized such methods as time-
resolved photoluminescence, electroluminescence (EL), and cathodoluminescence. These
characterization techniques have suggested a number of degradation mechanisms including increased
nitrogen vacancies, increased nonradiative recombination sites, joule heating due to poor p-type contact
resistance, current crowding, and decreased carrier injection.

This project utilizes existing nondestructive, laser-based techniques, such as thermally induced voltage
alteration (TIVA) and laser-induced voltage alteration (LIVA), to determine precursors to premature
degradation and failure of deep green and deep UV LEDs. Risk in this project has evolved from initial
detection of electrically active defects from a high background intensity of threading dislocations to
correlation of those defects initially characterized at time zero with stress-induced defects and ultimately
to describe stress-induced failure mechanisms.

Summary of Accomplishments:

Through this project, we have demonstrated that laser-based techniques (LIVA and TIVA) are effective
in characterizing Ill-nitride LEDs. The focus was on deep UV and deep green LEDs, and electrically
active defect sites were localized in both. Once the defect sites were localized they were characterized
with TEM cross-sections through the defective areas.

We developed a screening method that allows detection of electrically active defects in UV LEDs based
on electrical characterization alone. The method can be easily performed without lengthy aging studies.
Data from the electrical characterization could be used to predict the existence of defects in the UV
LEDs.

Defects were observed in both the green and UV LEDs that could potentially reduce the lifetimes of the
devices. In the green LEDs, dark defect signals pinpointed large contact metallization defects. Defects
in the contact metallization may create strong spatial nonuniformities in current injection. This type of
defect could create hotspots and nonuniform light emission. Dark defect signals observed in the UV
LEDs indicated metal diffusion along dislocation cores to create leakage currents through the quantum
wells. It is theorized that failure occurred in the UV LEDs when enough of these leakage paths
dominated current injection through the quantum wells.
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We have proven that the TIVA/LIVA characterization technique can be a successful tool for III-nitride
LED localization of defects and characterization of degradation. Coupled with other electrical
measurements, the TIVA/LIVA technique can be a powerful tool to predict early failure in commercial
devices, as well as support the development of in-house semiconductor devices. Further studies
characterizing the multiple different defects observed in the green and UV LEDs and further laser-
spotting characterization are expected to fully establish the TIVA/LIVA technique as a viable screening
method and reliability technique for III-nitride optoelectronics.

Significance:

We demonstrated the TIVA/LIVA characterization techniques’ applicability to non-silicon technologies.
We have proven that TIVA/LIVA is more sensitive to electrically active defects than other common
characterization techniques (electroluminescence). We demonstrated the ability to monitor defects that
changed with stress. We localized discrete undesirable processing defects at the location of the
TIVA/LIVA signals. Fundamental insight into the failure modes of deep green and deep UV LEDs can
be widely applied to nitride-based LEDs and laser diodes and thus to a wide range of emission
wavelengths and applications, both as an in-house developmental tool and as leverage to develop
industrial collaborations. Additionally, DOE’s mission in energy conservation through the widespread
adoption of energy-efficient solid state lighting benefits from this research.
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Photoelectronic Characterization of Heterointerfaces
147942

Year 3 of 3
Principal Investigator: M. T. Brumbach

Project Purpose:

This project conducted an investigation of inorganic/organic interfaces by tailoring the surfaces for
photoelectron spectroscopic characterization, in order to gain a better understanding of the role of
interfacial species on the chemical and electronic properties of hybrid interfaces and to guide the
improvement of device performance. We employed surface modification, patterning, and thin film
deposition to critically evaluate new combinations of materials on electronic structure.

In many devices, including solar cells and transistors, the performance relies on the electronic band
structure at the internal interfaces of the device. For example, the electronic offset between two
materials in a photovoltaic directly relate to the output voltage of the solar cell. Poorly matched band
structures may have insufficient potential offsets to drive the device, may facilitate recombination,
and/or may induce barriers for charge transfer. Interfaces of organic/inorganic materials are not well
understood, and research on interfacial energy alignment in these systems has been lacking. Large
assumptions are prevalent, including the fact that interfacial energy level alignments are commonly
assumed from bulk properties, and the effects of ubiquitous contamination are neglected. The objective
of this work is to perform robust characterization of the electronic structure at real hybrid interfaces by
tailoring the interfacial region for photoelectron spectroscopy. Photoelectron spectroscopy can be used
to map the band structure through careful analyses of the layer-by-layer formation of an interface where
ionization potential, core level positions, and work function are monitored. Interfacial self-assembled
monolayers (SAM) are being utilized to induce dipoles of various magnitudes at the interface. Control
of the surface work function through use of an organized mixed SAM has not been attempted, although
it has been shown that mixed dipolar species do lead to a concentration-dependent ionization potential.
The role of unknown species can be inferred from the energy band diagram of a real hybrid interface by
understanding the role of known species in known geometries.

Summary of Accomplishments:

* Development of photoemission characterization capabilities (photoelectron spectroscopy [UPS],
imaging x-ray photoelectron spectroscopy [XPS])

* Novel utilization of synchrotron-based techniques (imaging near edge x-ray absorption fine structure
[NEXAFS], hard x-ray photoeletron spectroscopy [HAXPES])

* Development of deposition capabilities for organic thin films

* New understanding of polymer/inorganic interfaces

* Discovery of a new platform for evaluating charge transport in concert with XPS

Significance:

The investigations of surface patterning, use of synchrotron techniques, and study of new polymer
interfaces yielded new insights on the electronic structure of hybrid interfaces and led to the discovery of
a new technique for characterizing electronic and chemical properties of extremely thin films. Potential
application to energy-harvesting devices such as photovoltaics positions this project to be in support of
DOE/EERE’s mission.
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Refereed Communications:
M.T. Brumbach and J.C. Woicik, “HAXPES of Protected ITO Surfaces at the Buried P3HT/ITO
Interface,” Surface and Interface Analysis, vol. 44, pp. 1379-1384, October 2012.
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Ion-Photon Quantum Interface: Entanglement Engineering
148549

Year 3 of 3
Principal Investigator: D. L. Moehring

Project Purpose:

Distributed quantum information processing requires a reliable quantum memory and a faithful carrier
of quantum information. Trapped ion quantum bits (qubits) are the leading realization for quantum
information storage due in large part to their very long coherence times and well developed laser
interaction techniques. Photonic qubits, on the other hand, are the natural choice for the transport of
quantum information as they can quickly travel long distances with a minimum of decoherence. The
capability to entangle photons with trapped ions in a technologically relevant (highly efficient) and
scalable fashion would be a game changing achievement. We leveraged the active and successful
development of microfabricated semiconductor ion traps at Sandia’s Microsystems and Engineering
Sciences and Applications (MESA) facility in order to integrate micro-optical components. Compared
to current efforts in academic settings combining macro-sized ion traps and optics, a micro-device will
result in the dramatically increased speed and fidelity of ion-trap based quantum-networking protocols.
The use of microfabricated components is also essential for the reproducibility and scalability of this
technology. The combination of technical knowhow and fabrication expertise at Sandia does not exist in
the academic setting. Indeed, integrating smaller components will directly allow for a stronger quantum
coherent interface between a single trapped ion and a single photon. If successful, this technology could
lead to new demonstrations of fundamental physics properties and would open new avenues for scalable
quantum networking architectures. This effort will also result in a new quantum information science
and technology (QIST) capability for Sandia and will further our strategic objectives—providing
technologically relevant engineering solutions for QIST implementations.

Summary of Accomplishments:

We accomplished several important milestones in the construction, characterization, and testing of the
entire ion-cavity system. The design, fabrication, and testing of a radiofrequency ion trap capable of
being integrated with an optical cavity has been completed with verification of an ion being shuttled
from loading hole to cavity location. Optical cavities have been designed and tested, ensuring the
optical coatings are viable for performance metrics.

Full integration of the optical cavity to the ion trap has been accomplished. The designed flexure mount
for holding the top mirror was characterized and resonance frequencies measured. Additionally, a
process for inserting and affixing the bottom silicon mirror into the ion trap was developed and
characterized. This procedure leads to a bottom mirror tilt of at most 0.1 degrees — a much higher
precision than worst-case tolerance. The entire system construction has been performed with active
alignment of the optical cavity to the ion trap. A full system has been constructed and inserted for
testing in an ultra-high vacuum (UHV) environment. Single ytterbium ions have been successfully
loaded into the trap.
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Significance:

This project complements the current Intelligence Advanced Research Projects Activity (IARPA)
sponsored program on quantum information. Our work pioneers an integrated approach to trapped-ion
based quantum networks that provides a foundation for a scalable quantum networks and long distance
quantum communication systems based upon trapped ion technologies. Additionally, it provides Sandia
with a new QIST capability that can find applications in projects requiring collection of light from single
atoms, and furthers the strategic objective of providing engineering solutions to QIST implementations.

Refereed Communications:
J.D. Sterk, et al., “Advanced Ion Trap Structures with Integrated Tools for Qubit Manipulation,” in
Proceedings of the APS Division of Atomic Molecular and Optical Physics Meeting, 2012.

F. Benito, J. Sterk, B. Tabakov, R. Halti, C. Tigges, D. Stick, M. Balin, and D. Moehring, “Integrated

Cavity QED in a Linear Ion Trap Chip for Enhanced Light Collection,” in Proceedings of the APS
Division of Atomic Molecular and Optical Physics Meeting, 2012.
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Polyoxometalate “Solutions” for Energy Storage
150774

Year 3 of 3
Principal Investigator: T. M. Anderson

Project Purpose:

Global energy consumption is projected to significantly increase by mid-century, and the increased need
will be met, at least in part, through use of renewable energy sources. However, the intermittent nature
of renewables requires advances in large-scale energy storage. Concentrating on promising flow battery
technologies, we are preparing new charge storage materials with increased energy density. A primary
goal of this work was to lower the cost from the current technologies. Specifically, we addressed
problems associated with low solubility of vanadium(IV) and poor stability of vanadium(V) at high
temperatures in the cathode of vanadium redox flow batteries. Building on the extensive inorganic
synthesis and characterization expertise and capabilities at Sandia, we utilized metal-oxide clusters
[polyoxometalates (POMs) for convenience] as new, dissolved charge storage materials. We applied a
suite of analytical and electrochemical techniques to evaluate the stability and other fundamental
properties of POMs in nonaqueous battery electrolytes in order to gain fundamental understanding of the
structural and electrical properties of these unique complexes. By including non-aqueous chemistry, we
had the unprecedented opportunity to work with a wider voltage window while simultaneously
decreasing temperature sensitivity and increasing cycle life. In addition, prior to our work, there was a
considerable paucity of data elucidating the fundamental electrochemical properties (and related
protonation states) of POMs under non-aqueous conditions. The ultimate goal of the project was to
incorporate POM catholytes into a redox flow cell configuration in order to store charge.

Summary of Accomplishments:

A flow battery containing POM electrolyte was constructed for the first time. A suite of POMs (from
the literature as well as new compounds) were synthesized and rigorously screened for long-term
stability and highly reversible electrochemical activity. The alkali and ammonium salts of POMs
containing both vanadium and tungsten were identified as best candidates. Ultimately, three POMs
containing both electrochemically active vanadium and tungsten were selected for testing. The aqueous
Keggin (KsHSi1V3W9040) cycles a three-electron process in each static half-cell with excellent stability.
To the best of our knowledge, this is the first three-electron process that has ever been observed in any
flow battery chemistry. The non-aqueous Keggin ((CH3;CH,CH,CH;)4N4H3S1V3WyO4) cycles a two-
electron process with kinetics that are significantly more sluggish than its aqueous counterpart. An
aqueous Wells-Dawson (KsHP,V3W50¢,) was also examined in a static cell, but it decomposes after
several cycles. A flow cell was constructed using the aqueous Keggin (K¢HS1V3W9O40). The flow cell
has four times better charge Faradaic efficiency than the static system and two times better discharge
efficiency due to the larger surface area of the membrane and the increased active surface of the
electrode. In our quest to prepare optimal charge storage materials, we also prepared a manganese-
containing POM single-molecule magnet that exhibits a large axial anisotropy as a result of near-parallel
alignment of Jahn-Teller axes. The results were recently published in a special issue of Dalton
Transactions.

Significance:

The impact of this work is the discovery of new energy storage materials capable of undergoing multi-
electron charge/discharge processes by the variation of charge density, molecular symmetry, and metal
populations. The elucidation of the properties of these metal-oxide clusters will lead to the successful
preparation of additional advanced materials. This project focused on the DOE’s goal to create a more
flexible, reliable, and higher capacity energy infrastructure by applying advanced science and
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technology to develop new materials for energy storage applications to support DOE’s missions to
promote carbon neutral technologies, reduce petroleum imports, and to incorporate intermittent
renewable energy sources.

Refereed Communications:

X. Fang, K. McCallum, H.D. Pratt III, T.M. Anderson, K. Dennis, and M. Luban, “A Co-Crystal of
Polyoxometalates Exhibiting Single-Molecule Magnet Behavior: The Structural Origin of a Large
Magnetic Anisotropy,” Dalton Transactions, vol. 41, pp. 9867-9870, March 2012.
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Elucidating the Role of Interfacial Materials Properties in Microfluidic Packages
150968

Year 3 of 3
Principal Investigator: T. L. Edwards

Project Purpose:

Microsensors for chemical and biological detection have seen relatively little field application because
the small size and low cost of the microsensor are offset by the large size, high cost, and complexity of
the balance of the sensing system — principally, the required external pumps and valves. Attempts have
been made to integrate these components into the sensor’s microfluidic package but success has been
limited by the lack of software design tools to simulate microfluidic device performance. Software
simulation, in turn, is limited by our understanding of the materials properties at the interfaces of plastic
laminate layers comprising the package. This project will address these shortcomings by designing
experiments to extract the relevant mechanical, thermal, electrical, and chemical properties of plastic
laminate interfaces; developing a multiphysics model incorporating these parameters for plastic laminate
microfluidic devices; demonstrating the model’s capabilities by designing, fabricating, and testing a
microfluidic pump.

A number of technologies have been employed to create microfluidic packages for microsensors,
including silicon and glass micromachining, ceramic laminates, plastic injection molding, hot
embossing, cast molding, and plastic laminates. Of these, plastic laminate packaging provides an
attractive combination of low capital and material cost, rapid prototyping, and complex mechanical and
fluidic structures. This technology employs a variety of thin polymer and metal films bonded by
adhesives, solvents, thermal fusion, and ultrasonic welding. The properties of these interfaces—thermal
and electrical conductivity, mechanical deformation, adhesion strength, and chemical resistance—vary
from the bulk properties of the laminate films and depend on the laminate composition and joining
method employed. These interface properties are the focus of this project. We will develop the
experimental techniques required to measure them, use this information to populate a multiphysics
model describing plastic laminate behavior, and as a proof of concept demonstration, apply this model to
design an integrated micropump, a critical component for high-performance microfluidic systems.

Summary of Accomplishments:

We implemented a multiscale, heterogeneous, cohesive model in a COMSOL finite element program.
This is unique and important because it allows integration of the model with other physical packages,
extending the capability toward more accurate isolation of unique contributions from various internal
variables of interest associated with the cohesive layer and how they interact with the ahderends. In this
model, we also included a fracture or damage component.

We created a simple-to-fabricate test structure that utilizes the constrained or unconstrained blister test.
This test is important for determining the energy expended in delamination of a thin layer joined to a
thick adherend. The structure is particularly useful for our work in pseudo 3D micro- and mesoscale
fluidic structures in which pressurized channels, valves, pumps, and integrated components are often
utilized. The constrained blister test is useful for relating the released energy of delamination (isolated
from other processes such as plasticity and elasticity) and can be related to the multiscale cohesive
model described earlier. Thus, these two methods allow for extraction of the internal variables of the
custom interface.

We created joining methods for thin plastic laminates of various materials (polyethylene,
polymethylmethacrylate, polyetherurethane, polyethyleneterapthalate, and glass) of various thicknesses
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(ranging from 0.0005” to 0.125”). These methods include adhesive joining using acrylic and silicone-
based adhesives, solvent welding, thermal welding, and laser welding. The adhesive and laser welding
were of interest because of the ability to control the weld pattern and create interesting structures.

Significance:

This research has already significantly impacted design and fabrication of sensor platforms in several
projects. One project will result in an invention disclosure from the design of a simple and inexpensive,
yet effective valve in a simple package. The result of this package and valve design was the acceleration
of field-testing for the sensor. Potential impact is in the extension of this continuum mechanical model
on elucidating interfacial properties in other difficult to understand interfaces. Applications to chemical
and biological sensors using microfluidic technologies are of interest to several agencies including DHS
and DTRA.

Refereed Communications:

P.R. Miller, S.A. Skoog, T.L. Edwards, D.R. Wheeler, X. Xiao, S.M. Brozik, R. Polsky, and R.J.
Narayan, “Hollow Microneedle-Based Sensor for Multiplexed Transdermal Electrochemical Sensing,”
Journal of Visualized Experiments, vol. 64, e4067, DOI: 10.3791/4067, June 2012.

J.C. Harper, T.L. Edwards, T. Savage, S. Harbaugh, N. Kelley-Loughnane, M.O. Stone, C.J. Brinker,
and S.M. Brozik, “Biosensing: Orthogonal Cell-Based Biosensing: Fluorescent, Electrochemical, and
Colorimetric Detection with Silica-Immobilized Cellular Communities Integrated with an ITO—
Glass/Plastic Laminate Cartridge,” Small, vol. 8, p. 2613, September 2012.

T.L. Edwards, J.C. Harper, R. Polsky, D.M. Lopez, D.R. Wheeler, A.C. Allen, and S.M. Brozik, “A
Parallel Microfluidic Channel Fixture Fabricated using Laser Ablated Plastic Laminates for
Electrochemical and Chemiluminescent Biodetection of DNA,” Biomicrofluidics, vol. 5, p. 044115,
December 2011.
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Nanoscale Mechanisms in Advanced Aging of Materials During Storage of Spent

“High Burnup” Nuclear Fuel
151328

Year 2 of 3
Principal Investigator: B. Clark

Project Purpose:

The decision not to pursue Yucca Mountain as a nuclear waste repository implies that spent nuclear fuel
will have to be stored in a retrievable condition (with claddings maintaining necessary strength and
ductility) for an indeterminate amount of time, conceivably on the order of centuries. Compounding this
issue is the trend to discharge nuclear fuel after “high burnup,” (i.e., > 45 GWd/MTU). Although the
US has 25 years experience in storage of low burnup fuel, there is no precedent for storage of high
burnup fuel, where increased radiation dose, hydrogen uptake, and corrosive processes can significantly
influence the mechanical properties of the cladding.

The purpose of this project is to understand the degradation mechanisms in claddings during high
burnup and in dry storage. This is needed to develop extrapolative, physics-based models that can
predict mechanical integrity of the cladding in order to provide fidelity in the ability to retrieve used fuel
from storage either for transportation or further processing. The details of these nanoscale degradation
mechanisms are being pursued using in situ gas-phase transmission electron microscope (TEM)
experiments and by ex situ hydriding and ion irradiation experiments.

With a state-of-the-art gas cell TEM stage, advanced electrochemistry lab, and the new Ion Beam Lab,
Sandia is poised to explore experimental realms previously unattainable. Fundamental understanding
regarding evolution of corrosive mechanisms, defect structures, and formation/reorientation of hydrides
as a function of burnup and/or storage conditions, all critical for predicting long-term cladding integrity,
will be obtained by combining these world-class facilities with expertise in irradiation defects,
electrochemical material properties, and microstructural characterization and evolution.
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Active Infrared Plasmonics
151329

Year 2 of 3
Principal Investigator: E. A. Shaner

Project Purpose:

The mid-infrared ([mid-IR], 3—12 microns) is a highly desirable spectral range for imaging,
environmental sensing, and countermeasures. We propose to develop a new class of mid-IR devices,
based on plasmonic and metamaterial concepts, which are dynamically controlled by tunable
semiconductor plasma resonances. It is well known that any material resonance (phonons, excitons,
electron plasma) impacts dielectric properties; our primary challenge is to implement the tuning of a
semiconductor plasma resonance with a voltage bias. We have demonstrated passive tuning of both
plasmonic and metamaterial structures in the mid-IR using semiconductor plasmas. In the mid-IR,
semiconductor carrier densities on the order of 5 x 10" ecm ™ to 2 x 10'® cm ™ are desirable for tuning
effects. Gate control of carrier densities at the high end of this range is at or near the limit of what has
been demonstrated in literature for transistor-style devices. Combined with the fact that we are
exploiting the optical properties of the device layers, rather than electrical, we are entering into
interesting territory that has not been significantly explored to date.

The primary reason for this work is that external interests have identified the voltage control of
resonances as being high risk. Even though we have demonstrated passive mid-IR control of both
plasmonic and metamaterial structures using semiconductor plasmas (by varying the density in doped
epi-layers of GaAs and InSb), they are correct in identifying the dynamic tuning as the key effect needed
for this research to progress. Once that capability has been demonstrated, electromagnetic simulations
of plasmonic- and metamaterial-based beam-steering elements, reflectance modulators, filters, and
emission control structures should reliably guide development efforts based on the known behavior of
semiconductor device layers. While all of these potential applications have mechanical alternatives, it is
well known that achieving similar functionality in nonmechanical solutions is desirable in terms of
reduced size, weight, power requirements, and response times.
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Monolithically Integrated Coherent Mid-Infrared Receiver
151332

Year 2 of 3
Principal Investigator: M. Wanke

Project Purpose:

In this collaboration between Sandia and a multi-university National Science Foundation Engineering
Research Center (NSF-ERC) project at Princeton University, we are working toward the development of
a coherent mid-infrared (MIR) receiver with the goal of achieving mid-infrared detectivity 100 times
better than state-of-the-art room temperature MIR photodetectors. Conventional MIR photodetectors
suffer from excess dark current due to thermal excitation of carriers at room temperature. Our goal is to
use the nonlinear electrical response of a Schottky diode detector instead of the linear optical absorption
response in photodetectors, and therefore eliminate dark current issues. Schottky detectors are
commonly used at lower frequencies where they are integrated with antennas to couple light to the small
diode. Although extremely sensitive at low frequencies, their sensitivity at higher frequencies has been
limited due to the device capacitance, which shunts higher frequency signals from the antenna around
the diode. We recently demonstrated an antenna-less method of coupling THz radiation to a Schottky
diode, by inserting a diode active region directly into a laser core and using the surface plasmon to
couple radiation into the diode. In this project, we are exploring whether this new coupling geometry
reduces the capacitive shunting and can enable highly sensitive integrated coherent mid-infrared
detectors.

There are many uncertainties in this work: Does the new geometry eliminate the capacitance issue?
Will the required surface plasmon coupling significantly impact the laser performance? Can planer
Schottky diodes operate above a few THz? Can the mixer RF response be coupled out with this
geometry? While a Schottky diode heterodyne mixer could have significant application impact, this
initial demonstration is focused on understanding these basic questions.
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Non-Abelian Fractional Quantum Hall Effect for Fault-Resistant Topological

Quantum Computation
151333

Year 2 of 3
Principal Investigator: W. Pan

Project Purpose:

The purpose of this project is to understand non-Abelian quantum Hall physics in order to obtain a
scientific foundation for topological quantum computation (TQC) applications. We are attempting to
fabricate interferometer devices and carry out quantum interference measurements in these devices.
Success of this project will allow us to gain a deeper understanding of non-Abelian physics and is
expected to have a great impact on the feasibility of eventually building a topological computer.

Modern encryption method is based on the assumption that it is impossible to prime-factorize a large
digit number within a reasonable time frame. Indeed, it is estimated that factorizing a 200-digit number
would require 170 CPU years using an Intel computer. This estimate, however, is drastically changed
with the use of a quantum computer, which has been theorized to be capable of readily factorizing a
300-digit number. After more than 15 years of research on quantum computation, many fundamental
issues remain unresolved. For example, the strong coupling between electrons and their local
environments greatly reduces electron coherence time and requires complex error-correction schemes to
manipulate quantum information before it is lost. As such, there is a pressing need to identify new
paradigms, which can potentially enable revolutionary advances in the field of quantum computation.

TQC has emerged as one of the most promising approaches. Under this approach, the topological
properties of a non-Abelian quantum system, which are insensitive to local perturbations, are utilized to
process and transport quantum information. The encoded information can be protected and rendered
immune from nearly all environmental decoherence processes without additional error-correction. It is
generally believed that the low energy excitations of the so-called v=5/2 fractional quantum Hall state
may obey non-Abelian statistics. Our goal is to explore this novel fractional quantum Hall (FQH) state
and to understand and create a scientific foundation for exploiting this quantum matter state in order to
build a knowledge base for the emerging TQC technology.
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Germanium on Silicon Optoelectronics
151334

Year 2 of 3
Principal Investigator: P. Davids

Project Purpose:

Moore’s law scaling of microprocessor technology dictates that, within 10 years, power consumption in
large-scale computers will be dominated by their electrical interconnects. One technology that has
emerged as a potential solution to this bottleneck is silicon photonics. Yet, any optical interconnect is
incomplete without a light source; owing to its indirect bandgap, creating a homogeneously integrated
optical source on a silicon platform has been the single most scientifically challenging problem in the
field since its inception more than two decades ago. While heterogeneous wafer bonding of I1I-V laser
sources to silicon photonic circuits has been demonstrated, this solution is ultimately undesirable due to
both incompatibility with state of the art silicon fabs and yield issues. Recently, an optically pumped
strained germanium on silicon laser was reported. This preliminary result indicates that, with rigorous
scientific analysis, an efficient electrically pumped laser source emitting in the technologically relevant
communications wavelength band may be possible. Germanium does not suffer from the same
incompatibility with complementary-metal-oxide-semiconductor (CMOS) processes as I1I-V
heterogeneous integration technologies. Further, germanium offers the ability to directly integrate a
germanium receiver on a silicon platform, which enables direct integration with CMOS electronics
reducing electrical parasitics and enabling high speed, low noise, and low power receivers. The
combination of these two scientific achievements would enable complete low power photonic networks
homogeneously integrated in silicon.

Development of an electrically pumped laser emitting at relevant optical communications wavelengths
in a group IV semiconductor has never previously been achieved. Only through rigorous analysis of the
band-structure, strain, doping concentration, and growth conditions will a successful demonstration be
possible. Demonstration of an electrically pumped germanium-on-silicon laser would be the most
significant scientific and technological breakthrough in the field of silicon photonics since its
foundation, an enabling accomplishment for the future of the silicon photonics platform.

We have fabricated sample structures and are completing an experimental matrix study of the optical
properties of Ge under different growth methods and different doping techniques. Analytic
characterization of these results will be performed for accurate determination of active doping profiles
and strain and the results will be correlated with measured sample photoluminescence. We will
completely characterize our newly developed waveguide gain structures under optical and electrical
injection conditions. The measured gain and absorption will be compared to the model gain calculation
and the impact of strain and doping quantified. We will perform device simulations on a novel high-
gain bandwidth avalanche photodiodes. We will design, fabricate, and test Ge avalanche photodiodes in
our Si photonics platform and attempt to demonstrate a gain bandwidth product exceeding 340 GHz.
We will also examine high-power linear Ge photodiodes for RF applications.
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Fundamental Investigation of Chip-Scale Vacuum Micropumping (CSVMP)
151335

Year 2 of 3
Principal Investigator: R. P. Manginell

Project Purpose:

If ever-important microtechnology like micro-mass-spectrometers or miniature atomic clocks are to be
fielded, a Chip-Scale Vacuum Micropump (CSVMP) must be developed. Neither device can function
for long in the field without a CSVMP. Yet, despite ~20 years of Defense Advanced Research Projects
Agency (DARPA) funding, a truly useful CSVMP remains unrealized. The best designs generate 21
kPa (3 PSI) below atmospheric pressure and 5 cm’/min flow. Are technological barriers to blame, or
more fundamental issues? This project is taking a focused approach to answering this question.

Creating a vacuum micropump is undoubtedly challenging given the lack of lubricated seals on this
scale and low relative dimensional/assembly tolerances. Importantly, the micropump literature does not
consider the magnitude of leaks from free molecular flow (FMF) to continuum flow. The magnitude of
FMF and transition flow leaks in nanoscale roughness is something for which very few measurements
have been made, and theoretical understanding is lacking.

The foundational question posed herein is novel: Is a gas micropump an impossibility or just a technical
headache? Direct sponsors are interested in the technology, not the fundamentals.

This project will, for the first time, create an experimental platform for measuring micropump leaks at
rates three orders of magnitude lower than previous literature work. Modeling/simulation is being
performed and compared with the results of these experiments, providing the first micropump-relevant
validated models. Theoretical understanding of transition and slip flows on these scales is nascent and
this project will contribute significantly to the field. The best method of modeling/simulation from
transition to FMF is Direct Simulation Monte Carlo (DSMC), which requires massively parallel
processing such as that available at Sandia. Validated models will be used to draw conclusions
regarding fundamental CSVMP operation and to determine parameters for a functioning CSVMP.
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Coherent Phonon Generation through Nanoscale Enhanced Light-Matter
Interaction: Towards Novel Silicon Lasers, Broadband Phononic Signal Processing

and Optically Powered Micromechanics
151336

Year 2 of 3
Principal Investigator: P. T. Rakich

Project Purpose:

The science of nanoscale light-matter interactions, specifically the study of optical forces and photon-
phonon coupling within nanoscale materials and geometries, provide fertile ground for tremendous
scientific and technological advancement. Through deeper understanding of the physics of coherent
phonon generation, new ultrafast methods for the study of thermal transport, phonon lifetimes and
phonon dispersion within novel materials and nanoscale structures will be possible. Furthermore,
improved understanding of optical force mediated photon-phonon coupling will enable efficient light-
driven coherent phonon generation; such processes can be utilized to create significant improvements in
radio frequency (RF), phononic, acousto-optic and optical signal processing performance via a new class
of chip-scale hybrid photonic-phononic devices. However, these scientific and technological advances
will require a new experimental and theoretical foundation for the study of light-matter interactions.
Through this project, we propose develop this scientific foundation by: 1) developing powerful new
multiscale models for the treatment of optical force mediated photon-phonon coupling at all length
scales, 2) developing rigorous models for the prediction of optical forces within nanoscale materials and
geometries, and 3) devising a flexible experimental platform for the study of optical forces and photon-
phonon coupling at nanoscales. In achieving the aforementioned theoretical and experimental tasks, we
will radically advance the science of nanoscale light-matter interactions. In the process, Sandia’s unique
Microsystems and Engineering Sciences and Application (MESA) capabilities will be used to execute
highly differentiated scientific studies and to develop highly differentiated chip-scale technologies of
tremendous benefit to DOE’s mission.
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Nanoscience to Microsystems

Photodefined Micro/Nanostructures for Sensing Applications
151337

Year 2 of 3
Principal Investigator: R. Polsky

Project Purpose:

The advancement of materials technology towards the development of ultrasensitive sensors for the
detection of biological and chemical agents has been a longstanding challenge. The purpose of this
project is to explore various lithographic techniques to make structures in photopatternable materials and
explore chemical and material modifications to design novel sensing platforms. The key attributes that
we intend to explore are as follows: 1) Pattern structures for sensing applications using interference
lithography and direct laser writing techniques such as two-photon fabrication and stereolithography, 2)
explore patterning in photosensitive materials such as photoresist, and 3) explore methods to improve
the interfacial chemistry of the electrode surface to immobilize recognition elements, signaling
pathways, anti-fouling components, etc., including nanoparticle and conducting polymer modifications.
The resulting electrode can be tailored for specific applications and integrated into sensing platforms for
the detection of chemical and biological threats.
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Theoretical and Experimental Studies of Electrified Interfaces Relevant to Energy

Storage
151338

Year 2 of 3
Principal Investigator: C. C. Hayden

Project Purpose:

Major advances in electrochemical technologies for energy storage require improved understanding of
electrolyte/electrode interfaces, including structure, interfacial species, and electrochemical processes,
and the incorporation of this understanding into quantitative models. Such models will guide
development of advanced designs and materials to increase efficiency and reduce aging and failure rates.
Simplified models such as Helmholtz’s electric double-layer (EDL) concept and even Gouy-Chapman-
Stern’s diffuse model fail to take into account the molecular nature of ion distributions, solvents, and
electrode surfaces; therefore, it cannot be used in predictive, high-fidelity simulations for device design.
The goal of this project is to develop detailed models of the structure and chemical properties of
representative electrified interfaces, which we will validate by multiparameter, minimally invasive
experimental measurements. Emerging laser technology only now becoming possible with Sandia’s
rapid development of atomistic-to-continuum interfacial modeling and recent advances in spatially
precise in situ optical probes enables such synergistic interaction between calculations and experiment.
Much of previous work in this field has focused on complex, integrated electrochemical energy-storage
devices and/or materials that are not suitable for detailed modeling and in situ probing. Our approach
attempts to gain a predictive understanding of complex interfaces present in such devices through
coordinated experimental and theoretical studies of tractable (model) systems, which isolate important
phenomena. Experimentally, we will employ second harmonic generation (SHG) microscopy and Stark
shift spectroscopy to measure spatially resolved interfacial electric fields. A combination of Raman
microscopy, polarization modulation reflection absorption infrared spectroscopy (PM-RAIRS) and
surface sum frequency generation (SFG) will identify species. While the project is both computationally
demanding and experimentally challenging, we have previously demonstrated successes in the related
computational areas and in laser-based confocal microscopy and combustion diagnostics. Furthermore,
we will leverage recent investments made by Sandia in massively parallel computing and will take
advantage of emerging ultrafast laser technology for improved sensitivity in nonlinear spectroscopy.
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Nanoscience to Microsystems

Developing Thermoelectric Cryo-Cooling
151339

Year 2 of 3
Principal Investigator: D. L. Medlin

Project Purpose:

Many Sandia systems require low-temperature cooling near 77 K, including space-based-electronics for
remote-sensing/verification programs, and terrestrial devices such as photon detectors, mirrors,
integrated circuits, and chem-bio sensors. However, conventional cryogenic coolers are large,
expensive, high-powered, and difficult to integrate with electronics. On-chip, solid-state thermoelectric
(TE) cryo-cooling can reduce cost and inefficiencies, enabling future systems.

TE performance requires a high figure-of-merit, zT, optimized by high electrical conductivity, high
thermopower, and low thermal conductivity — properties found in Bi-based alloys. However,
commercial state-of-the-art materials are limited to zT ~ 1, too low for real cooling applications that
must constantly remove heat from a power source. Recent reports of nanostructured bulk materials have
shown zT ~ 1.6, largely through reduced thermal conductivity. Further advances demand corresponding
improvements in electric conductivity and thermopower.

Theory predicts 10-fold zT improvements in one-dimensional nanowires (diameters < 5 nm) due to
quantum confinement, which creates peaks in the electronic density-of-states that enhance thermopower.
Nevertheless, the present performance of nanowires is abysmal: the best reported zT = 0.12. A detailed
literature review suggests that this failure is due to inadequate attention to key materials factors
(composition and crystallinity) affecting the electronic transport.

Our goal is to enhance thermoelectric performance at cryogenic temperatures using nanowires optimized
for structure, composition, and dimensionality through an integrated program of synthesis,
characterization, and theory. We will use novel electrochemical deposition approaches to provide the
necessary materials control, we will employ advanced microscopies (atomic resolution transmission
electron microscopy and atom probe tomography) to thoroughly evaluate material composition and
structure, and we will measure the resulting transport properties on individual nanowires using novel
probe platforms, guided by past theory and new modeling of nanoscale transport processes. Finally, we
will fabricate and test cooling modules from TE nanowire arrays to establish the practical feasibility of
this approach for cryogenic cooling.
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Improving the Electrical and Thermal Resistance of Nanoscale Contacts
151340

Year 2 of 3
Principal Investigator: R. E. Jones

Project Purpose:

A fundamental factor limiting the performance of electronic and optoelectronic devices is the thermal
and electrical resistance of the ubiquitous metal-semiconductor contact. This problem becomes more
acute at the nanoscale where these interfacial resistances can dominate and are typically a source of
failure either during fabrication or in service. While these effects have been studied extensively and are
relatively well understood in bulk contacts, much of the physics must be re-evaluated for metal-
nanostructure contacts due to the low dimensionality affecting central parameters such as electrostatic
interactions, strain, and interfacial energies. Pragmatically, this reconsideration is warranted as bulk
techniques for improving contact properties have been shown to be ineffective or inappropriate for
contacts to low dimensional structures. Moreover, the techniques that do work (e.g., high-temperature
annealing) are not always reliable or completely understood, leading to a cookbook approach to
fabrication.

In response, our research effort is to discover the limiting factors governing electron and phonon
transport at contacts to nanotubes and nanowires. The combined experimental, simulation, and theory
thrusts are establishing the fundamental physics of nanoscale contacts that will enable the realization of
controllable contacts to nanostructures.

We have, thus far, discovered a number of technologically useful principles. Through simulation, we
can show that the ability of annealing to remove a Schottky barrier can be explained by structural
changes at the contact. Also relevant to the electrical aspects of contacts, we have shown in quasi-1D
devices that the gate electrode can modulate the contacts to produce sharp and stable switching
characteristics needed by useful transistor devices. With regard to the thermal aspects of contacts, we
now understand the bonding and structural parameters where the Kapitza resistance is dominated by a
phonon bridge versus coherent interface effects.
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Nanoscience to Microsystems

Advanced High-Z NanoScintillators
151341

Year 2 of 3
Principal Investigator: B. A. Hernandez-Sanchez

Project Purpose:

Scintillators detect radiation by producing light upon exposure; unfortunately, the current detection
quality suffers from performance and reliability issues (i.e., low luminosity, volume restrictions,
chemical instability). Critical to overcoming these constraints are the elucidation of radiation interaction
mechanisms for scintillating materials at multiple length scales (nano-micro-meso) and the discovery of
novel high-Z nanoscintillators for y-ray detection. The goal of this project is to determine the utility of
size-selected high Z transition metal chalcogenides (MEx, E = S, Se, Te) as novel scintillating materials.
Without these improved scintillator materials, the correct identification/detection of radiation sources
continues to be a vulnerability to America. For the scintillation community to fully embrace
nanomaterials and ultimately attract outside customers (DOE, DHS, Defense Threat Reduction Agency),
it is critical that fundamental materials research be undertaken addressing the optimal crystallite size
(nano—meso) and the development of new materials.

The development of novel scintillation materials and nanoscintillators is neither widespread nor
established. Several key aspects prevent pursuit of these materials by industrial and academic
researchers: 1) single crystal growth techniques must be used to validate a materials performance for
gamma-ray spectrometers, which restricts the range of materials examined; 2) understanding of
theoretical/fundamental radiation-detection physics occurring in materials is still under debate, and this
precludes research into nanomaterials; and most important, 3) many researchers have limited access to
radiation characterization facilities. With its multidisciplinary interactive researchers, Sandia is ideally
suited to improve scintillators, using expertise and capabilities already in place to address critical
materials, characterization, and production of scintillator devices.

Existing scintillator issues will be overcome as follows: 1) we are systematically evaluating oxide
scintillator size effects (nano—meso); 2) we are developing novel size-controlled scintillators based on
unexplored high-Z transition metal chalcogenides (MEx); 3) we are exploring the effect of activator
concentration on properties; and 4) we are developing nanocomposite materials for device development.
The expected results promise to revolutionize current scintillator detector capabilities.
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Tailoring Thermal and Electric Transport Properties through Solid State Self-

Assembly
151343

Year 2 of 3
Principal Investigator: J. Ihlefeld

Project Purpose:

To be viable as devices for high-impact energy scavenging, thermoelectric devices must be composed of
nontoxic and abundant elements and be stable in air to high temperatures. Currently the best moderate
temperature range (0 to ~800 °C) thermoelectrics are semiconductors comprised of relatively toxic and
strategically limited p-block elements (i.e., tellurides, antimonides, and selenides). Many oxide
materials would meet requirements for large-scale impact; however, their thermoelectric figures of merit
(ZT=Tst/k, where T is the temperature, S is the thermopower, s is the conductivity, and k is the thermal
conductivity) must be improved. The challenges for oxide thermoelectrics are low electronic
conductivity and high thermal conductivities. While p-type oxides with ZT values approaching 0.8 have
been identified, complementary n-type materials with equivalent ZTs have not been prepared. Virtually
all groups researching oxide thermoelectrics focus on single-phase homogeneous ceramics, thin films,
and single crystals.

There have been recent reports of improved thermopower in highly reduced oxide ceramics with
increased carrier concentrations and phonon scattering in defective regions and separate reports of
decreased thermal conductivity in oxide films with complex layered atomic arrangements. In this
project, we are combining the benefits of these two studies through two approaches: 1) developing
oxide ceramics with self-assembled nanostructured phases in the systems StNbO; and Zn(Ga,Mn)O4
where 